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RÉSUMÉ 
 
Les mélanges d'enrobé sont des matériaux viscoélastiques thermosensibles, de sorte que leurs 
performances sont affectées par l’environnement. Au Canada, comme dans de nombreux autres 
pays nordique, les cycles de gel et de dégel sont des phénomènes courants. En outre, on croit 
que le nombre de cycles de gel et de dégel augmente avec l'influence des changements 
climatiques. À cause de cela, les méthodes actuelles pour prédire la dégradation des chaussées 
peuvent surestimer la durée de vie.  
La dégradation due à la fatigue est un mécanisme de fracture généré par une application répétée 
de contraintes de traction inférieures à la résistance des matériaux. Elle est initié au bas de la 
couche structurelle en enrobé qui est habituellement constitué d’un enrobé GB20 au Québec. 
Le GB20 est un mélange résistant à l'orniérage avec une faible teneur en liant sensible aux 
dommages dus à la fatigue. D'autre part, pendant la période de dégel, la fonte de la neige induit 
une perte de capacité portante. La perte de support structurel des couches sous-jacentes crée 
une augmentation significative des contraintes de traction au bas des couches d'enrobés. En 
outre, il existe une autre possibilité d'augmentation des contraintes de traction due aux 
variations de température et à la dilatation/ contraction de l'eau qui provoque une augmentation 
de la fissuration par fatigue précoce. L'effet de la variation de température et de l'humidité à la 
base des enrobés est totalement négligé jusqu'à présent. La variation thermique et la contraction 
/ expansion de l'humidité peuvent produire des contraintes horizontales qui induisent des 
dommages par fatigue. L'effet du test de cycle de gel-dégel environnemental sur l'évolution de 
la fissuration par fatigue n'a pas encore été étudié correctement.  
Dans le cadre de cette recherche, on étudie un mélange d'enrobé couramment utilisé dans la 
province de Québec en couche de base, soit le GB20. L'expansion et la contraction des 
échantillons testés sont générés par la chambre environnementale et mesurés par des jauges de 
contrainte. L'équipement de traction-compression directe est utilisé pour l'analyse de la fatigue 
et les essais de module complexe. Des cycles rapides de gel-dégel ont été mis en oeuvre sur 
les échantillons conditionnés en laboratoire pour simuler les cycles quotidiens de gel-dégel 
rapide.  
Les résultats ont démontré que le niveau de compactage affecte significativement le 
comportement du mélange GB20 après un grand nombre de cycles rapides de congélation-
décongélation. L'effet des cycles rapides de gel-dégel sur le comportement viscoélastique du 
mélange a été ajouté à la formule de Witczak pour améliorer la prédiction de la durée de vie 
de ce type de mélange. En considérant les résultats de l'analyse du module complexe, on a 
trouvé que l'influence des conditions de gel-dégel sur le comportement de rigidité du mélange 
est plus élevée en augmentant le nombre de cycles. En ce qui concerne les résultats des essais 
de fatigue, le mélange de référence (pas de cycles de gel-dégel) était plus résistant à la 
VIII 
fissuration par fatigue que le mélange conditionné (mélange conditionné avec 300 cycles de 
gel-dégel rapides). Les résultats ont également indiqué que l'ajout de fibre d'aramide (APF) 
pourrait augmenter les performances et la durabilité des GB20. 
 
Mots-clés: Enrobés; Cycles de gel-dégel; Performance de l'enrobé; Durabilité de l'enrobé. 
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ABSTRACT 
 
Asphalt mixtures are temperature sensitive and have viscoelastic characteristics, so the 
performances of an asphalt mixture are often affected by nature phenomenon. In Canada, like 
in many other northern countries, freeze-thaw cycles are a common phenomenon. Also, it is 
believed that the number of freeze-thaw cycles is increasing with the influence of the climate 
change. Because of that, the actual methods to predict the pavement distress may overestimate 
the pavement life.  
 
Fatigue distress is a fracture mechanism generated by repeated applications of tensile strains 
that creates stresses which are less than the strength of the materials. It is initiated at the bottom 
of the asphalt base layer that is mostly built, in Quebec, with GB20 mix. GB20 is a rutting 
resistant mix with low binder content that makes it sensitive to fatigue damage. On the other 
hand, during thaw period, the melting of snow induces bearing capacity loss. The loss of 
structural support from underlying layers creates a significant increase in tensile stresses at the 
bottom of the asphalt layers. In addition, there is another possibility of increased tensile stresses 
due to temperature variations and water expansion/contraction which causes an increase in 
early fatigue cracking. The effect of temperature and moisture at the bottom of the asphalt layer 
is totally neglected so far. The thermal variation and moisture contraction/expansion can 
produce horizontal strains that induce fatigue damage. The effect of environmental freeze-thaw 
cycle test on the evolution of fatigue cracking has not investigated properly yet.  
In this research, an asphalt mixture commonly used in the province of Quebec mostly as a base 
course is studied (GB20). The expansion and contraction of tested specimens are generated by 
the environmental chamber and measured by strain gauges. Direct Tension-Compression 
(DTC) equipment is used for the analysis of fatigue, and complex modulus tests. Rapid freeze-
thaw cycles have been implemented to the conditioned specimens in the lab to simulate the 
daily rapid freeze-thaw cycles.  
The results demonstrated that the compaction level significantly affects the behavior of the 
GB20 mix after a large number of rapid freeze-thaw cycles. The effect of rapid freeze-thaw 
cycles on viscoelastic behavior of the mix was added to the Witczak formula to improve the 
prediction of the service life of this type of mix. Considering the results of the complex 
modulus analysis, it was found that the influence of freeze-thaw conditions on the stiffness 
behavior of the mix is higher with increasing the number of cycles. Regarding fatigue test 
results, the reference mixture (no freeze-thaw cycles) was more resistant to fatigue cracking 
than the conditioned mix (mix conditioned with 300 rapid freeze-thaw cycles). The results also 
indicated that the addition of Aramid Pulp Fiber (APF) could increase the performance and 
durability of the GB20 asphalt base mix. 
X 
Keywords: Asphalt mix; Freeze-thaw cycles; Asphalt performance; Asphalt durability, 
Complex modulus, Fatigue.
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 INTRODUCTION 
 
Asphalt materials (sometimes named as bituminous materials) have been used for road 
construction and maintenance since the end of the nineteenth century. They are the most 
common materials that increase the quality of road surfaces and the performance of road 
structures. The importance of these materials in road construction can be demonstrated by their 
extraordinary physical and chemical properties (Huang & Di Benedetto, 2015). In order to 
determine those properties, unified conclusive test methods have to be available, which are as 
simple as possible, efficient, refined and based on a sound physical background.  
 
The road system is a great asset in Canada. The infrastructure plan investment for Quebec has 
been released for the period of 10 years starting from 2017 to 2027. It reports that more than 
19 percent of the investments are for the road itself. On the other hand, more than 80 percent 
of pavements in Quebec are flexible pavement in which asphalt is the most expensive layer 
and plays a key role in its performance. The Canadian climate is characterized by a wide 
seasonal temperature range, including a series of freeze-thaw (F-T) cycles (El-Hakim & Tighe, 
2014). The granular material is subjected to freezing in winter, which may produce ice lenses 
that result in swelling and differential heave of the pavement structures. The pavement is 
subjected to partial thaws during the winter and a full thaw in spring. Therefore, the ice 
becomes water, which causes loss of bearing capacity and can lead to significant damage to 
the pavement structures. Previous study in two different observation sites and for three years 
expressed that 90% of annual damage occurs during thaw periods (Bilodeau & Doré, 2017). 
 
Fatigue associated with repetitive traffic loading is considered to be one of the most significant 
distress modes in flexible pavement. Fatigue cracking is an asphalt concrete pavement distress 
that results from an accumulation of damage under repeated loading application. In Canada, 
premature fatigue cracking is recognized as the most important type of distress on major 
highways (Pascal, Doré, & Prophète, 2004). It appears that the action of traffic alone is not the 
cause of failure of bituminous asphalts in winter. Instead, it is probably the effect of thermal 
stress, freeze-thaw cycles, and the moisture infiltration which results in stress that helps to 
2 
 
exceed the tensile strength of the asphalt materials and cause premature cracks in asphalt 
pavements (Carter & Paradis, 2010). The development of sound correlation relating pavement 
structural performance to environmental impact is the major area of focus in this research. As 
yet, there have not been any fatigue criterions to take into account freeze-thaw cycles. This 
issue is fundamental to the fatigue durability of a road pavement.  
 CHAPTER 1 
 
 
BACKGROUND AND LITERATURE REVIEW 
1.1 Introduction 
The short and long-term effects of the climate change have already started threatening the 
Canadian infrastructures and the national economy. Despite the beliefs of some politicians, the 
scientific literature provides undeniable evidence that the climate change will grow and 
continue at least for several decades even if there is a success of global agreements to reduce 
greenhouse gasses (Stern, 2006). Changes in temperatures, precipitation patterns, wind 
conditions and increasing the events of extreme weather conditions during a year are some of 
the processes of climate change that affects the Canadian low and high volume road systems. 
Canadian pavement systems are valuable assets of more than 100$ billion (Mills et al., 2009). 
Previous analysis at 17 sites in southern Canada indicated that the type of distresses is replaced 
from low temperature cracking patterns to rutting and other damages related to high-
temperature fluctuations (Mills et al., 2009). Hence, the development of the relationship 
between the pavement performance and the environmental impact has been a major area of 
focus for pavement researchers in Canada. 
 
In cold region areas, harsh temperature fluctuations and daily rapid freeze-thaw cycles affect 
the performance of pavements. These damages are categorized as a major environmental 
distress that is implemented in flexible pavements (Kennedy, Roberts, & Lee, 1983; Stroup-
Gardiner & Epps, 1987). Previous research in Quebec concluded that the annual wheel truck 
damage cost could reach 85% during the spring periods (Doré, 2004). These crack observations 
are usually associated with fatigue damage (Savard, De Blois, Boutonnet, Hornych, & 
Mauduit, 2005). A previous study reported that more than 90 percent of the fatigue damage to 
these pavements occurred during partial winter thaw or spring thaw periods (Deblois, 
Bilodeau, & Dore, 2010). The test observations and findings in the southern Quebec and 
Canada highlight a tremendous gap between the pavement conditions in the field and desired 
conditions by the designers. It is clear that the action of traffic alone is not the only cause of 
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failure of asphalt pavements in these areas. The combination of the effects of water infiltration 
and temperature fluctuations can also create different stresses to the pavement structures and 
especially to the asphaltic materials. So, it is essentials for the designers to implement these 
factors to enhance the life of the asphalt pavements. 
 
1.2 Flexible Pavements 
The pavement is the main part of the highway which is the most obvious to the drivers. Asphalt 
concrete pavements are complex structures composed of several different layers. The first layer 
of flexible pavements is the visible part that needs to carry most of the load and directly traffics. 
It is the most expensive layer, and usually consists of asphalt binder and crushed aggregate. It 
consists of sublayers which are bonded together. The main role of the asphaltic layer is to 
receive loads from the traffic and passes them to the underlying layers. Below surface course 
is the granular base course. The granular base course provides the thickness to ensure the 
quality life of the pavement against traffic and environment. It has a thickness from 100 to 300 
millimeters. Traditionally base course has been designed using coarse aggregate which can 
lead to having less asphalt binder. This can reduce the potential for structural rutting damage 
and also decrease the cost of the pavement. However, many studies have recently shown that 
the base course needs to design and care even more than the surface course to increase the 
durability and improve the fatigue resistance (Maupin & Diefenderfer, 2006; Olard, 2012; 
Theyse, De Beer, & Rust, 1996).  Figure 1.1 indicates a cross-section of a typical asphalt 
pavement structure. 
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Figure 1.1 Typical cross section of a typical flexible pavement structure  
Taken from Jenks et al. (2011) 
 
The thicknesses of flexible pavement layers are calculated based on the traffic volume over a 
given period of time and environmental conditions. Different methods have been developed to 
design the flexible pavements. The mechanical-empirical pavement design approach 
(MEPDG) introduced in NCHRP 1-37A is a method for designing and evaluating pavement 
structures based on mechanistic-empirical (M-E) analysis which is based on the mechanics of 
materials that relates an input, such as traffic loads, and environment to an output (pavement 
response). The stresses, strains, and deflections which are defined as structural responses are 
measured mechanically in the laboratory or field-performance data based on the environment 
conditions, loading characteristics, and material properties. These structural responses are 
considered as inputs in the empirical model to calculate performance predictions such as 
fatigue and rutting (Huang, 2004).  Accuracy of the MEPDG model depends on the quality of 
the information that we put as inputs and the calibration of empirical models based on the field 
performance. There are two different types of empirical models that are utilized in the MEPDG. 
Distresses can be predicted directly, or the distresses are predicted based on calibration against 
field measured distresses (Carvalho & Schwartz, 2006). 
6 
 
1.3 Asphalt Layers in Flexible Pavements 
HMA is a complex material that changes over time depending on the climatic conditions as 
well as the level of stresses on the pavement structures. The properties of mixes vary according 
to the formulation: the bitumen content, the characteristics of the aggregates used and the 
manufacturing procedure. The properties of an HMA are indicated in Figure 1.2. The 
aggregates have an elastic character, but the behavior of the bitumen is viscoelastic and 
variable with time.  
 
 
 
Figure 1.2 Example of the aggregate, binder, and HMA specimen  
Taken from Jenks et al. (2011) 
 
 
1.4 HMA compositions 
Typical asphalt mixture is composed of around 5% asphalt binder and 95% of aggregate by 
mass. The main components of an asphalt mixture are presented in Figure 1.3. Additives are 
also added to many HMA mixes to improve the performance or workability. With a good 
formulation, asphalt mix must have (MTQ, 2005): 
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• Sufficient amount of binder to guarantee good resistance to fatigue and cracking, and also 
provide appropriate durability to the mix. The amount of bitumen allow the aggregates to be 
coated in a sufficiently thick film to minimize the impact of bitumen oxidation during the 
manufacturing and installation phase; 
• Sufficient rigidity to give the mixture good resistance to rutting at high temperatures 
temperature; 
• Good granularity to avoid a smooth surface in the wearing course and therefore the 
maintenance of user safety. Then you have to have a good granular contact which makes it 
possible to increase the resistance to permanent deformations of the surface. 
 
 
 
Figure 1.3 Volumetric representation of a compacted mixture 
Taken from Jafee & Kajandar (2001) 
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1.5 Typical Flexible Pavement Stresses 
Pavements are designed to sustain stresses. Pavement engineering relies therefore on a good 
understanding of pavement stresses and on their quantification. Stresses acting on pavements 
can be classified as load induced or environmentally induced stresses (Doré & Zubeck, 2009). 
 
1.5.1 Load Induced Stresses 
Rigid, semi-rigid and flexible pavements distribute the traffic loads in different ways. Flexible 
pavements distribute the loads through every single layer. During the passing of heavy 
vehicles, the load transfers from the wheels to pavements and creates tensile or compressive 
strains at the various directions in the layers of flexible pavements. Figure 1.4 illustrates the 
layer system and stress distributions through the layers. Major stresses are divided into 
compressive stress on top of the subgrade and asphalt layers and tensile stress at the bottom of 
the asphalt layers. These major stresses can produce distresses such as fatigue and rutting over 
time and after a large number of heavy vehicles. 
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Figure 1.4 Stress distribution in pavement system and stresses at critical  
interfaces associated with resulting pavement  performance problems  
Taken from Doré & Zubeck (2009) 
 
Major load-related distresses can be categorized as follows (Huang, 2004): 
1) Development of surface rutting (permanent deformation), which is due to the vertical stress 
or strain on the surface of flexible pavements. 
2) Fatigue cracking, which is due to the stresses or strains at the bottom of the asphalt layers 
(asphalt base course). 
3) Structural rutting, which is due to the vertical stresses or strains at the surface of the 
subgrade soils. 
 
1.5.2 Environmental Stresses  
Environmental stresses are due to the direct effects related to the solar energy, temperature, air 
pressure, wind, precipitation and the level of the humidity. However, the main climatic stresses 
in the cold region environment are generally due to the effect of temperature and water. 
Environment stresses have several effects on pavement structures. They can change the 
stiffness of the asphalt pavements. Loss of durability of asphalt mixes due to the freeze-thaw 
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cycles creates stripping distress. Stress and deformation in HMA due to the variation of thermal 
expansion and contraction which can cause crack generation (low-temperature cracking) 
(Islam & Tarefdar, 2015). The effect of environmental stresses on HMA layer and mixtures 
are described in details in this part. 
 
1.5.2.1 Thermal Stresses  
Thermal stresses are environmental stresses caused by diurnal and shorter-term temperature 
variations in the bound pavement layer that is restricted from contracting. As the temperature 
gets colder, a thermal stress starts to develop gradually. Figure 1.5 shows the development of 
thermal stress under constant cooling rate. The stress does not increase linearly with 
temperature at warm temperatures (close to 0°C) due to asphalt cement’s viscoelastic behavior 
that allows partial relaxation of stresses. At a certain transition temperature depending mainly 
on the binder properties, the asphalt concrete starts to behave as a purely elastic material and 
the thermal stress increases linearly with the temperature (Doré & Zubeck, 2009). Low-
temperature cracking occurs when the induced tensile stress exceeds the tensile strength of the 
asphalt concrete (Islam et al., 2014). 
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Figure 1.5 Typical stress versus temperature relationship  
Taken from Doré & Zubeck (2009) 
 
Low-temperature damage is one of the important distresses in cold region’s asphalt pavements. 
The damage appears as transverse cracks and they gradually widen and provide places for 
moisture penetration which accelerate pavement failures at the end. There are two conditions 
that create low-temperature cracking: (a) temperature must be cold enough to produce stresses 
greater than the strength of the asphalt materials, and (b) the restraint force must be high 
enough to minimize the slab movement and prevent the thermal stress to be released (Zubeck 
& Vinson, 1996). 
 
There are two major types of thermal cracking, namely as the low-temperature cracking and 
thermal fatigue cracking. The fluctuations of temperature may cause thermal fatigue cracking 
over time (Figure1.6) (Islam et al., 2014).  
 
12 
 
 
 
Figure 1.6 Schematic of the temperature induced stresses  
Taken from Basueny (2016) 
 
Previous studies reported that the tensile stresses due to temperature fluctuations can even 
greater than the tensile stresses that are induced by traffic loads (Al-Qadi, Hassan, & Elseifi, 
2005; Bayat, Knight, & Soleymani, 2012). 
 
1.5.2.2 Stresses Induced by Frost Heave 
Two main mechanisms, identified by Doré (2002), can act on pavements. The first one, referred 
to as random differential heaving, is mainly associated with variations of soil properties along 
the highway corridor. The resulting distortions tend to increase pavement roughness during 
winter and, by forcing pavements to bend upward, can also cause pavement cracking. The 
second type of differential frost heaving occurs along the transverse axis of the pavement and 
is the result of the variation of pavement geometry and snow accumulation on pavement sides 
(Doré, Flamand, & Pascale, 2002). Both mechanisms are likely to force pavements to bend 
upward (Doré & Zubeck, 2009). Figure 1.7 demonstrates that the snow that accumulates on 
the pavement sides causes in greater frost penetration at the center of the pavement that creates 
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excessive tensile stresses on the top of the pavement which can initiate longitudinal cracks 
(Doré, Konrad, & Roy, 1997). 
 
 
 
Figure 1.7 Transverse differential heaving  
Taken from Doré et al. (1997) 
 
1.5.2.3 Moisture Induced Stresses 
Moisture damage is one of the major distress that can greatly influence the pavement life. 
Moisture content can change the material characteristics of asphalt mixes includes shear 
strength and stiffness modulus. Moisture can penetrate the surface layer through cracks and 
joints (Roberson & Siekmeier, 2002). It can also penetrate from underlying saturated base layer 
through the capillary rise action. 
 
Moisture damage results from the loss of adhesion bond between the bitumen and aggregate 
interface by the presence of water or loss of the cohesive resistance of asphalt binder (Huang 
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et al., 2005). These to mechanisms are the last step in a process that commenced with various 
mechanisms of moisture transport (Caro, Masad, Bhasin, & Little, 2008). 
 
Asphalt mixture moisture conditions in the lab 
 
In cold climate conditions, stresses raise with poor asphalt materials, with traffic loads and 
water that are key elements in the degradation of flexible pavements in cold regions (Behiry, 
2013). Many factors influence the severity of moisture distress in HMA. Some of these factors 
depend on the material’s quality and others depend on the mix design, construction quality, 
environmental factors, traffic conditions, and additives (Behiry, 2013). 
 
Two famous tests are implemented for the moisture damage in the lab. Freeze-thaw and 
moisture induced tester (MIST) has been used to analyze the effect of moisture in asphalt mix 
although they have different effects on the properties of mixes due to their mechanisms to 
induce moisture distress. Complex modulus and Superpave indirect tensile test (IDT) are also 
capable to characterize the moisture effect of asphalt mixes indirectly. Previous results reported 
that both of them are able to precisely analyze the moisture susceptibility of asphalt mixes (Shu 
et al., 2012). 
 
Moisture Damage Mechanisms  
 
Previous research defined the definition of most common mechanisms of moisture damage in 
asphalt mixes which are explained as follows (Caro et al., 2008): 
Stripping: is the process that causes the separation of binder-aggregate which is due to the 
adhesion loss in the presence of moisture. Moisture enters the pore structure from the surface 
of pavement or from the bottom of the asphalt base layer and can detach the aggregate or 
change the properties of the binder through an emulsification process (Chen & Huang, 2008). 
Striping is the main degradation mechanism during the freeze-thaw cycles; 
Raveling: is defined by the dislodgement of aggregate in asphalt mixes from the surface; 
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Shelling: a degradation process defined by the removal of aggregate from a seal coat or other 
surface treatment; 
Hydraulic scour: is a degradation process that starts on a saturated asphalt surface by which 
the pavement material is eroded due to the dynamic action of tires in the presence of water. 
 
Adhesion and Cohesion Theories  
 
Moisture damage is affected by the aggregate texture, aggregate mineralogy, the chemistry of 
asphalt binder, and the interaction of the aggregate and binder (Solaimanian, Bonaquist, & 
Tandon, 2006). Moisture damage can degrade asphalt mixes through two main mechanisms: 
loss of cohesion within the binder and loss of adhesion bond of binder/ aggregate (Terrel & 
Al-Swailmi, 1992).  
 
As explained earlier, cohesion damage is due to the interaction of moisture and asphalt mastic, 
which leads to loss of durability and strength of the mix. On the other hand, adhesion failure 
refers to the degradation mechanisms of aggregate/ binder bond (Copeland, 2007). Adhesive 
loss usually occurs when mastic film is very thin while cohesive loss happens when the film is 
very thick (Lytton, 2004). Adhesion loss plays a more important role regarding the moisture 
distress in an asphalt mix (Caro et al., 2008). The adhesion and cohesion loss are caused by 
various factors including the water absorption, aggregate-mastic compatibility, heavy traffic 
loads, aggregate gradation, construction quality, and weather condition (Goh & You, 2012). 
Another study reported that the surface energy, chemical reaction, mechanical adhesion, and 
molecular orientation are four theories that can explain the adhesion characteristics in asphalt 
mixes as in mentioned earlier (Bausano, Kvasnak, & Williams, 2006). Stuart (1990) 
categorized moisture damage based on three concepts that contribute to the adhesive in 
different degrees which are: surface energy, mechanical interlock and chemical bonding 
(Stuart, 1990). Hicks (1991) mentioned that the chemical characteristics of aggregate need to 
be analyzed after the adhesion failure. Yoon and Tarrer (1988) analyzed the aggregate chemical 
and physical characteristics. They reported that there is no correlation between moisture 
16 
 
sensitivity of the mix and aggregate properties. They concluded that the aggregate with high 
PH values is more susceptible to moisture damage and striping than others (McCann, 
Anderson-Sprecher, & Thomas, 2005). 
 
According to Little and Jones (2003) cohesion loss is a degradation process in asphalt mixes 
with the presence of water that developed in a mastic and is affected by the rheology of the 
binder film and the interaction of the mineral filler and asphalt cement (Terrel and Al-Swailmi 
1992; Little and Jones 2003). Cheng et al. (2002) reported that the cohesive strength can be 
damaged in various mixtures by the presence of water in asphalt mixes (Cheng et al. 2003; 
Jason Bausano, Kvasnak, and Williams 2006).  
 
Void structure in asphalt mixtures  
 
Void structure plays important role in asphalt moisture damage. Moisture expansion during 
freezing periods and also cracks can increase the air voids and permeability of an asphalt mix 
which results in a weak pavement (Chen, Lin, & Young, 2004). Some of the transportation 
agencies control the moisture damage by reducing the percentage of air voids in the mix. For 
instance, Ministry of Transportation of Ontario (MTO) defines that the surface asphalt course 
must be reduced as low as possible to control the moisture damage (Mohamed et al. 1993). In 
spite of that, there is evidence of moisture infiltration and damage in a lower rate (Caro et al., 
2008). The characteristics of air voids in asphalt mixes depend mainly on the mix design, 
aggregate properties, and compaction process. They can be classified into three main 
categorized as shown in Figure 1.8: semi-effective, effective, permeable (Caro et al., 2008). 
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Figure 1.8 Classification of voids in asphalt mixtures  
Taken from Chen, Lin, & Young, 2004; Caro et al., 2008) 
 
Voids structures can be determined in different technique such as using 2D image cross-
sections of a mix, or 3D which include nuclear magnetic resonance (NMR) imaging 
transmission electron microscopy visualization and X-ray computed tomography (CT) 
reconstruction (Barrie, 2000; Kosek, Štěpánek, & Marek, 2005). These technique has been 
utilized to define the characteristics of the microstructure of mixes (Kosek et al., 2005).  
 
Capillary rise 
 
Capillary rise defines as one of the most important modes of moisture transport in soil 
mechanic, but there is a little study in on its impact in asphalt mixes. Capillary rise is not 
expected to occur inside asphalt mix where water is in contact with mastic due to the 
hydrophobic nature of asphalt binder. However, it takes place in asphalt base mixes because 
water comes from underlying granular layers especially during thaw period. Percentage of air 
voids have a direct relation with this phenomena and  saturated mix with high air voids has a 
faster capillary rise (Caro et al., 2008).  
 
Vapor diffusion 
 
The percentage and the rate of the water vapor in a mix depend on three main factors:  
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Diffusion coefficients, relative humidity and storage capacity and rate (also called the potential 
of water holding). Diffusion coefficients and the storage capacity depend on material properties 
while relative humidity is from the environmental conditions (Caro et al., 2008). 
 
1.6 Environmental Conditions in Quebec  
The road system is a great asset in Canada and Quebec. The infrastructure plan investment for 
Quebec has been released for the period of 10 years starting from 2017 to 2027. It reports that 
more than 19 percent of the investments are for the road itself. On the other hand, more than 
80 percent of pavements in Quebec are the flexible type which asphalt is the most expensive 
layer and plays an important role in its performance.  
 
Flexible pavements in Quebec experience severe seasonal climatic conditions in a year (Doré, 
& Zubeck, 2009). Freeze-thaw cycles and frost action is a major cause of pavement 
deterioration in Quebec. The extreme variations in temperatures have significant influences on 
the performance of pavements (Carter, & Paradis, 2010). Previous research demonstrated that 
the variations of temperature can create tensile stress at the bottom of the asphalt base layer 
even more than traffic loads. On the other hand, Québec roads are subjected to seasonal 
ambient temperature variations of 60°C and daily rapid variations of temperature that may run 
as high as 30°C. These significant temperature variations in combination with the moisture 
inside the pores, traffic loads, and loss of bearing capacity due to saturated underlying granular 
layers during spring period can result in the development of premature deterioration of fatigue 
cracking. 
 
Analysis of the daily variation of temperatures and its effect on the performance of asphalt 
pavements in Quebec needs to be examined at a more precise assessment. Fig. 1 shows daily 
asphalt and air temperatures which were monitored by the Ministry of Transportation of 
Québec (MTQ) for Trois Rivere, Route 155, a road in the southern part of Québec, from 
November 1, 2014, to May 1, 2015. It shows that the spring period which is started from 
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November to May has a high probability of freeze-thaw cycles. A freeze-thaw cycle is 
considered when the temperature falls below 0ºC or -1ºC and returns above 0ºC or even 1ºC. 
 
1.6.1 Effect of Freeze-thaw Cycles on Asphalt Mixtures  
Freeze-thaw cycles can create damage which is related to temperature and moisture 
susceptibility that is significantly affected the performance and durability of flexible 
pavements in cold regions (Goh, &You 2012). Freeze-thaw damage on asphalt mix is a major 
cause of degradation in cold regions. The penetration of water in the pores of asphalt mixes 
combined with the high variation of temperatures decrease the adhesive bond between the 
mastic and the aggregate (Ozgan and Serin, 2013; Tang et al., 2013).  
 
The degradation process of an asphalt mix in terms of freeze-thaw cycles are categorized as 
decreased in strength, performance loss, and adhesion loss between the aggregate and binder. 
With the increase of freeze-thaw cycles, the splitting strength of mixtures decreased and the 
volume expanded gradually. The performance stabilized until the next rapid deterioration 
caused by the loss of interfacial adhesion between the asphalt and aggregate. Feng et al. (2009) 
indicated the importance of gradation on the performance and durability of asphalt mixes in 
cold regions. They concluded that the low percentage of voids had the best freeze-thaw 
performance. They also showed that the freeze-thaw repetitions influence more when the 
percentage of salt is less than 3%. Mauduit et al., (2010) is observed that the specimens had 
different swelling at the beginning of the freezing periods. This can be deteriorated asphalt 
pavements as a result of differential horizontal strains appearing within the structure layers, 
due to different swelling conditions depending on their moisture content. Another study by 
Goh and You (2012) conducted the rapid freeze-thaw cycles to assess the potential of the 
stripping and adhesion loss of asphalt mixes with utilizing an image processing technique. 300 
rapid freeze-thaw cycles can represent the daily repetition of freeze-thaw cycles during one 
year in cold regions area. The image of the surface of the mixes was captured and assessed and 
the results found that the stripping increases along with a number of freeze-thaw repetitions. 
Özgan & Serin, 2013 evaluated the freeze-thaw strength of asphalt mixes. The experimental 
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results from the specimens that were subjected to different freeze-thaw cycles (6, 12, 18, and 
24 days) showed the Marshall stability decreased substantially after 6 days of freeze-thaw 
cycles and gradually gentle for the 12, 18 and 24 days of freeze-thaw cycles.  Si, Ma, Wang, 
Li, & Hu, (2013) analyzed the effect of freeze-thaw cycles by using uniaxial compressive test 
for an asphalt mix. Results indicated that the resilient modulus and compressive strength 
decreased with raising in the number of freeze-thaw repetitions. The performance decreased 
substantially at a first number of freeze-thaw cycles. They also reported that a higher binder-
aggregate ratio results in a small reduction in compressive performance under repeated freeze-
thaw cycles. El-Hakim & Tighe, 2014 statistically evaluated the mechanistic properties of 
asphalt mixes subjected to freeze-thaw cycles. The dynamic modulus results indicated a major 
change in the norm of complex modulus especially at 4 °C and -10 °C. Results also 
demonstrated the benefit of additional binder content to the mix. 
 
Previous research by Doré & Savard (1998) reported that 90 percent of fatigue damage occurs 
during spring thaw which is due to the effect of environment and traffic loads. During the 
thawing period, the melting of snow inducing an important bearing capacity loss. The loss of 
structural support from underlying layers creates a significant increase in tensile stresses at the 
bottom of the asphalt layers. In addition, there is another possibility of increased tensile stresses 
due to temperature variations and water expansion/ contraction which causes an increase in 
early fatigue cracking. This highlights a significant gap between actual loading conditions in 
the field and conditions considered during design. Based on these results, it appears that the 
action of traffic alone is not the cause of failure of bituminous asphalts in winter. Instead, it is 
probably the effect of thermal stress, thermal cycles, and moisture penetration which results in 
stress that exceeds the tensile strength of the asphalt materials (Carter & Paradis, 2010). 
 
1.7 Thermomechanical Characteristics of HMA 
Under the effect of the mechanical loading and temperatures (external solicitations), asphalt 
mixes are dominated by complex phenomena. The thermomechanical analysis of asphalt 
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mixtures is conducted in the laboratory by various tests. The thermomechanical characteristics 
of an asphalt mix depend on many factors such as the magnitude of applied stress or strain, 
temperature, and the rate of loading. Figure 1.9 indicates the change of behavior of asphalt 
cement according to temperature and level of strain amplitude. Asphalt behavior is viscous 
Newtonian liquid at high temperature and its behavior is like an elastic solid material at low 
temperatures. At normal temperatures, its behavior is linear or nonlinear viscoelastic (Di 
Benedetto & Corté, 2004). 
 
 
 
Figure 1.9 Bituminous materials behavior according to the strain level and the temperature 
Taken from Olard and Di Benedetto (2003) 
 
It is also possible to categorize the behavior of asphalt mixtures according to the level of strain 
amplitude and a number of loads repetitions it is shown in Figure 1.10. For a limited number 
of cycles but high strain amplitude, the asphalt mix has a highly non-linear behavior. With a 
few hundred of cycles with a low level of strain, the behavior of asphalt materials is linear 
viscoelastic. In this region, complex modulus test is conducted to analyze the stiffness behavior 
of an asphalt mix. With tens of thousands of cycles and low level of strain, it is a possibility of 
fatigue behavior. When stress deviatory cycles are applied from zero, there is the possibility of 
plastic deformation, which is close to rupture limit. 
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Figure 1.10 Different domains for an asphalt mixture  
Taken from Olard and Di Benedetto (2003) 
 
1.7.1 Complex Modulus  
Linear viscoelasticity behavior of asphalt mixes is obtained from different types of tests. 
Complex modulus test by using Tension-compression test on the homogenous cylindrical 
specimen is utilized in this research to analyze the linear behavior of the asphalt mix. This 
approach is chosen by the University of Lyon/ENTPE laboratory to study bituminous materials 
(Di Benedetto et al., 2007a, 2011; Mangiafico et al., 2013; Nguyen et al., 2009, 2013; Pouget 
et al., 2010; Tapsoba et al., 2014).  
 
The test can be performed under stress or strain control modes. In this research strain control 
modes have been implemented. The complex modulus can be defined as: 
 ߝ(ݐ) = ߝ଴sin	(߱ݐ)     (1.1) 
where: 
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ߝ(ݐ): The amplitude of sinusoidal strain; 
ߝ଴: Peak (maximum) strain; 
߱: Angular velocity; and 
ݐ: Time, seconds. 
 
The response of certain stress is also sinusoidal with the same angular frequency (BAAJ) which 
the formula can be defined as: 
 σ(ݐ) = σ଴sin	(߱ݐ + ∅) 
 
(1.2) 
∅ is defined as a phase angle which is the lag between stress and strain and can be explained 
as the viscoelastic characteristic of an asphalt mix (Figure 1.11). 
 
 
 
Figure 1.11 Tension-compression sinusoidal load (F) and  
displacement (Δh) which results in sinusoidal stress and strain at  
a given point of an asphalt specimen 
 
A vector in cylindrical coordinates can represent applying a sinusoidal stress to the specimen. 
The applied stress and the resulting recoverable axial strain response of the specimen are 
measured and used to calculate the modulus. The load amplitude is adjusted based on the 
material stiffness, temperature, and frequency to keep the strain response within linear 
viscoelastic range. The phase angle is 0° for purely elastic material, and 90° for a purely viscous 
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material. The ratio of the amplitude of the sinusoidal stress of pulsation (ω) applied to the 
material	ߪ = ߪ଴ ݏ݅݊(߱ݐ) and the amplitude of the sinusoidal strain ߝ௧ = ߝ଴ ݏ݅݊(߱ݐ − ߮) that 
result in a steady state (Eq.1.3) (Di Benedetto et al. 2004). 
 
 ࡱ∗ = ࣌ࢿ =
࣌૙ࢋ࢏࣓࢚
ࢿ૙ࢋ࢏(࣓࢚ష࣐)     
(1.3) 
 
1.7.2 Rheological Models to Analyze the Complex Modulus  
Asphalt is a viscoelastic material which can experience both elastic and/or viscosity 
characteristics at various conditions. Asphalt materials can be modeled based on the interaction 
of the strain or stress and their temporal dependencies. These models are introduced to measure 
the prediction of the material’s responses at different temperatures and loading conditions. 
Asphalt behavior has viscous and elastic parts that are modeled as combinations of dashpots 
and springs (Huang, 2004). There are several mathematical models that are introduced to the 
characteristics of viscoelastic materials with using dashpots and springs. Some of them are 
shown in Figure 1.12. 
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Figure 1.12 Mechanical models for viscoelastic materials  
Taken from Arabani & Kamboozia (2014) 
 
The results of complex modulus test of an asphalt mixture can be modeled by using the 2S2P1D 
(2 Springs, 2 Parabolic elements, 1 Dashpot) model. This model was introduced at the 
University of Lyon and is a generalization of the Huet-Sayegh model (Olard & Di Benedetto, 
2003). The model is based on a simple combination of physical elements (spring, dashpot, and 
parabolic elements). The model is a combination of physical elements such as spring, parabolic 
elements, and dashpot). Figure 1.13 indicates the graphical expression of the 2S2P1D model 
for asphalt mixes. 
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Figure 1.13 Representation of the introduced  
general model “2S2P1D” for asphalt mixes,  
h and k are two parabolic creep elements 
 
1.8 Laboratory Performance Tests 
Mechanical properties like stiffness modulus and fatigue resistance which are needed to make 
an analytical based pavement design are very often based on relationships between a parameter 
that is rather easy to determine by means of laboratory tests and parameters like tensile 
strength, stiffness and resistance to fatigue.  
 
1.8.1 Fatigue Test 
Fatigue failure is one of the main structural distresses in the pavement, which results in stiffness 
reduction of asphalt mixes with a number of load repetitions. Fatigue cracking starts at the 
bottom of the asphalt base layer due to the loss of the tensile strength and propagates through 
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the asphalt layers. Fatigue damage creates after a number of load repetitions. If the short-term 
loading of traffic is sufficiently high, it can result in stiffness reduction of the asphalt material 
and by accumulation in the long term, lead to failure.  
 
In this research, the tension-compression method is used which was developed in the “ENTPE” 
to determine the fatigue damage of bituminous mixes (Di Benedetto et al., 1996). They are 
loaded in stress or in strain control mode using a sinusoidal cyclic loading. The advantage of 
this test is the homogeneous state of stress and strain inside the specimen. So the fatigue 
behavior is obtained directly from the values of stress (σ) and strain (ɛ). 
 
1.8.1.1 Factors Affect Fatigue Behavior of an Asphalt Mix 
The important fatigue studies were conducted in the 1960s and 1970s. Epps & Monismith 
(1972) prepared a summary of the effects resulting from binder stiffness, asphalt content, 
aggregate type, aggregate gradation, and air void content. The authors concluded that binder 
stiffness and air void content have a larger influence on fatigue life than aggregate type and 
gradation (Prowell, 2010). In general, the most important factors that affect fatigue 
characteristic of asphalt mixes are (Abojaradeh, 2003): 
1) Mix design characteristics, such as the type of bitumen, bitumen content, the percentage of 
air voids, aggregate gradation; 
2) Environmental variables, such as temperature, moisture, and freeze-thaw cycles; 
3) Loading frequency, level of the strain amplitude, and whether there is rest period or not; 
4) Specimen method of compaction; 
5) Test equipment. 
 
1.8.2 Thermal Stress Restrained Specimen Test (TSRST) 
The TSRST gives a good idea of how the asphalt performs at low temperatures. Since the mid-
1990s, in an effort to identify and prevent this type of contraction cracking, the MTQ has been 
28 
 
testing its pavement mixtures using a restrained specimen testing system known as the TSRST 
(Thermal Stress Restrained Specimen Test), which was developed as part of the SHRP 
(Strategic Highway Research Program). The École de Technologie supérieure (ÉTS) uses an 
MTS system to perform the same test (Carter & Paradis, 2010). First, the specimen is placed 
and fixed on MTS press system which is a kind of servo-hydraulic press. MTS device restrains 
the length of the specimen during the test. Then, the specimen is subjected to a constant cooling 
rate of 10°C/h which results in contraction of the materials and shrinkage of the specimen. The 
cracks initiate and specimen breaks when the traction stress is larger than the resistance of the 
asphalt materials. 
 
1.9 Summary 
Pavements are engineered structures designed to sustain stresses which provide a safe and 
comfortable driving surface to the public for a long period of time at the lowest possible costs. 
Understanding of pavement stresses and their quantifications are the major parts of pavement 
engineering. Stresses acting are classified as load induced or environmentally induced stresses.  
 
Canada is located in the northern hemisphere where it experiences different climatic conditions 
throughout a year. The harsh fluctuations of temperature along with daily freeze-thaw cycles 
decrease the performance of Hot Mix Asphalt (HMA). The thermomechanical analysis of 
asphalt mix is conducted in the lab by various tests.  The viscoelastic characteristics of an 
asphalt mix depend on many factors such as magnitude of applied stress or strain, temperature, 
and the rate of lading. Complex modulus test by using Tension-Compression on the 
homogenous cylindrical specimen is utilized to analyze the linear behavior of asphalt mix at 
different temperature and loading frequencies. The results can be modeled by using 2S2P1D 
model. The effect of regional freeze-thaw cycles on fatigue cracking has not been considered 
in the design methods in cold regions, whose results overestimate the pavement life. In this 
research, the tension-compression method is used to determine the effect of freeze-thaw cycles 
on fatigue durability of an asphalt mix.  
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The main benefit of this research program is to understand that how the asphalt pavement 
behaves during freeze-thaw cycles. The result of evaluation of asphalt fatigue damage will help 
to reach the modification to be able to better predict the behavior of asphalt fatigue 
characteristics in cold regions. 

 CHAPTER 2 
 
 
RESEARCH FOCUS AND OBJECTIVES 
2.1 Problem Statement 
There are different mechanisms that can influence the performance of pavement structures in 
cold regions:  
 
Frost action during winter: Asphalt is a waterproof material, but water can infiltrate into the 
asphalt mix from different mechanisms as explained in the literature. Water in big pores will 
freeze at a higher temperature than in small pores. Unfrozen water being pushed through the 
asphalt by frozen water as water freezes and expands. On the other hand, temperature decrease 
generates contraction in the mix. Expansion of water and contraction of the mix produce 
stresses in the voids of asphalt. If the developed stress exceeds the tensile strength of the 
asphalt, damage occurs. Expansion of freezing water during the winter causes more damage 
when it melts in spring.  
 
Cooling process of an asphalt mixture: When an asphalt mix cools, the bitumen contracts 
more than the aggregate, the bitumen film on the aggregate gradually thins, and micro-cracks 
form in the pavement at a critical maximum temperature. The pavement becomes more brittle, 
and the micro-cracks eventually join together, creating cracks caused by thermal contraction. 
 
Thaw action in during spring: One of the most important factors influencing the durability 
of asphalt mixtures designed for pavement construction is moisture-induced damage. A 
common manifestation of moisture-induced damage a loss of adhesion at the aggregate– 
asphalt mastic interface and/or cohesion within the bulk mastic. It has been shown that the 
mineralogical and chemical composition of aggregates may play a fundamental and more 
significant role in the generation of moisture damage, than bitumen properties such as 
penetration grade, acid number, and molecular size distribution.  
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During early spring; water gathered in the granular underlying layers is rapidly released and 
cannot be drained effectively because of the underlying frozen layer. Moreover, water at the 
asphalt mixture is often trapped by the snow and ice accumulated on the pavement sides which 
tends to seep into the pavement granular material. The bearing capacity of the base layer can 
be considerably reduced during that period and poorly supported bounded surfacing layers tend 
to experience excessive fatigue damage (Doré & Zubeck 2009). It does not depend on the 
quality of asphalt, especially for thick asphalt material. 
 
Study of the mechanism: Contraction and expansion of asphalt materials can affect the 
pavement fatigue life duration. In the province of Quebec, and on the pavement surface, the 
number of freeze-thaw cycles averages at between 40 and 51 each year (Lamothe, Perraton, & 
Di Benedetto, 2014). 
 
The initial hypotheses used in this research program have been implemented based on four 
mechanisms which explain above. The predicted bottom-up fatigue cracking model in the 
AASHTOWare mechanical-empirical pavement design software and other similar software is 
calculated based on stiffness loss due to the repeated traffic loads. Nevertheless, environmental 
loadings caused by fluctuations of temperature as well as the expansion and contraction of 
moisture inside the pores are also significant and possibly creates stresses that reduce pavement 
life especially in the zones where variations of temperature and precipitations are relatively 
high. 
 
The Canadian climate is affected by different temperature ranges, including a series of freeze-
thaw cycles. This environmental impact results in severe damage to the Canadian road 
network. The conditions of Canada’s road infrastructure are deteriorating. More than 38% of 
pavements are in a poor or very poor conditions (Hesp et al., 2009). The development of sound 
correlation relating pavement structural performance to environmental impact has been one of 
the major areas of focus (El-Hakim & Tighe, 2014). Quebec infrastructure plan investment for 
the period of 2017 to 2027 reports that more than 19% of the investment goes for road network 
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itself (Lammam &MacIntyre, 2017). This relatively huge money need to manage appropriately 
in order to increase the quality of road systems. This is while more than 80% of roads in Quebec 
are flexible. In addition, the freeze-thaw cycles significantly affected the performance of 
asphalt pavements (Doré & Zubeck, 2009). This type of damage was categorized as water-
induced damage and temperature susceptibility of asphalt mixtures and is one of the major 
distresses that occur in asphalt pavements (Kennedy, Roberts, and Lee 1983; Stroup-Gardiner 
and Epps 1987; Goh and You 2012). Wheel track damage recorded for three years on two 
observation sites in the province of Quebec indicates that the annual damage can reach 85% 
during the winter and spring thaws. On the other hand, the previous study has reported that 
more than 90 percent of the fatigue damage to these pavements occurred during spring periods 
(Doré et al., 2002). Especially, the level of damage is higher for secondary roads. This 
highlights a significant gap between actual loading conditions on the roadway and conditions 
considered during design. Based on these results, it appears that the action of traffic alone is 
not the cause of failure of bituminous asphalts in winter. Instead, it is probably the effect of 
thermal stress, thermal cycles, and moisture penetration which results in stress that exceeds the 
tensile strength of the asphalt materials.  
 
As it is mentioned earlier, fatigue cracking starts at the bottom of the asphalt base layer which 
is mostly built with the GB20 mix in Quebec. Its rutting resistant with low binder content that 
makes it sensitive to fatigue damage. On the other hand, during thaw period, the melting of 
snow induces bearing capacity loss. The loss of structural support from underlying layers 
creates a significant increase in tensile stresses at the bottom of the asphalt layers. In addition, 
there is another possibility of increased tensile stresses due to temperature variations and water 
expansion/contraction which causes an increase in early fatigue cracking. The effect of 
temperature variation and moisture at the bottom of the asphalt layer is totally neglected so far. 
Previous studies investigated the daily thermal strain at the bottom of the asphalt layer. Results 
indicated that the thermal strain is even higher than the vehicle induced strain (Al-Qadi et al., 
2005; Bayat et al., 2012). 
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2.2 Research Objectives 
This research is aimed to focus on the effect of environmental freeze-thaw (FT) condition on 
the mechanical behavior of the base asphalt mix (GB20). The durability and performance of 
asphalt base mixtures subjected to repeated daily freeze-thaw cycles have not been studied yet. 
There have not been any fatigue criterions to take into account daily repeated freeze-thaw 
cycles. The main objective of this research project is to evaluate the effect of freeze-thaw cycles 
on the fatigue characteristics and stiffness modulus of the GB20 mix. The specific objectives 
of this study are indicated in Figure 2.1. 
 
 
 
Figure 2.1 Research outline of this study 
 
The main objective of this research project is to analyze the effect of freeze-thaw cycles on the 
behavior of a base course asphalt mix, GB20. 
 
The specific objectives of this study are: 
• To evaluate the effect of freeze-thaw on the rheological behavior of hot mix asphalt; 
Research Objectives
Assessment part
Effect of FT cycles on 
fatigue
Effect of FT cycles on 
stiffness modulus
Effect of compaction on the 
durability of the mix
Adaptation of the current 
formula
Adaptation the Witczak 
predictive models
Modify the mix design part Effec of Aramid Pulp Fibers
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• To evaluate the effect of freeze-thaw on fatigue behavior of hot mix asphalt; 
• To evaluate the effect of compaction and level of air voids on durability of an asphalt mix 
subjected to freeze-thaw cycles; 
• To adapt the current Witczak E* model to increase the durability of the GB20 mix based 
on the lab results; 
• To evaluate the effect of fiber additive on the durability of hot mix asphalt in cold region 
environment. 
 
2.3 Outline of Thesis 
This Ph.D. thesis is manuscript based thesis separated in different sections plus an introduction. 
In this regard, Chapter 1 covers the literature review on this research with emphasis on the 
effect of freeze-thaw cycles on flexible pavements. The problem statement, the objectives and 
the outline of the research are explained in Chapter 2. Chapter 3 explains the effect of 
compaction and percentage of voids in the performance and durability of the conditioned mix 
compare with the reference mixture. It is also available and published in the Cold Regions 
Science and Technology. Chapter 4 demonstrates the importance of freeze-thaw factor in the 
fatigue and complex modulus prediction formula. It published in the Journal of Materials in 
Civil Engineering (ASCE). And chapter 5 demonstrates the mix design improvement technique 
with using Aramid Pulp Fiber in the mix. It published in the Construction and Building 
Materials. 
 
 
 

 CHAPTER 3 
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3.1 Abstract 
Environmental conditions, the rate of loading and mixture properties are the most important 
factors that affect the complex modulus (|E*|) values. The effect of environmental freeze-thaw 
(FT) cycles on viscoelastic properties of asphalt base materials has not been investigated 
properly yet. At the bottom of the asphalt base layer in a pavement structure, there is higher 
tensile strain due to traffic, and it usually has a higher air voids content which is mostly due to 
a poor compaction during construction. Asphalt mixture with a nominal maximum aggregate 
size of 20 mm, called ‘‘Grave Bitume’’ (GB20) which is normally used as a base layer in 
Quebec, was used in this study. The main objective of this study is to compare the complex 
modulus test results of the dry, partially saturated, and FT conditioned specimens with different 
compaction levels. Three different air voids (2%, 3.5%, and 7%) are targeted in this project. 
The saturated specimens are subjected to complex modulus test carried out using the Direct 
Tension-Compression test. The rheological model 2S2P1D is implemented to simulate the 
behavior of the mixes according to various temperatures and frequencies. The results indicate 
that the compaction level significantly affects the behavior of the mix after a large number of 
rapid FT cycles. The effect of FT cycles on viscoelastic behavior of the mix is added to the 
Witczak formula in order to improve the prediction of the service life of asphalt GB20 base 
mix. Comparison between the laboratory determined and predicted data indicate that the 
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relative bias in the modulus prediction after 300 FT cycles, especially due to the high 
percentage of voids. This can be eliminated by applying the improved equation to the predicted 
values. 
 
3.2 Introduction 
Asphalt pavements are influenced by two main types of loading: mechanical loading, 
especially due to heavy trucks, and, climatic effects as a result of moisture, temperature, and 
freeze-thaw (FT) cycles. Various pavement design theories determine the pavement design 
while considering traffic load, environmental impact, and pavement life cycle. The 
development of sound correlations relating the performance of pavement structures to the 
effect of the environment has gained interest over the years (Carter & Paradis, 2010; Doré & 
Zubeck, 2009; El-Hakim & Tighe, 2014). 
 
Many researchers have been working on the influence of FT cycles on the degradation of 
asphalt mixes in the past (El-Hakim & Tighe, 2014; Goh & You, 2012; Lamothe, Perraton, & 
Di Benedetto, 2015, 2016; Özgan & Serin, 2013; Tang, Sun, Huang, & Wu, 2013; Xu, Guo, & 
Tan, 2016). In cold regions, FT damage significantly affects the performance and durability of 
asphalt pavements. Freezing of water in pores of asphalt mixes cause severe degradation and 
reduction in service life of pavement structures. Water infiltration combined with the variation 
of temperatures deteriorates the adhesive bond between aggregates and binder (Gubler et al., 
2005; Xu et al., 2016) (Gubler, Partl, Canestrari, & Grilli, 2005; Xu et al., 2016). Expansion 
of water and contraction of the mastic produce pressure in the voids of asphalt which creates 
stress during harsh winter time. It is basic information that pure water freezes at around 0 °C. 
A 9% of expansion happens as the water phase turns to ice under normal environmental 
condition. However, remaining water that is trapped inside the capillary voids does not 
necessarily freeze at 0°C. Size of the pores plays an important part to define a freezing 
temperature of trapped water. As pore size decreases, the obliged temperature to freeze the 
water also lessens (Hale, Freyne, & Russell, 2009). 
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It is the technical common knowledge that the thermal behavior of bituminous mixes is affected 
by its moisture content, as well as air voids content (Hassn et al., 2016). Air voids are generally 
described as the most important parameter to explain mix characteristics and play important 
role in analysis of asphalt mixes in cold regions. High level of air voids always results in high 
expectations of moisture flow within mixtures (Xu et al., 2016). As water penetrates through 
voids and cracks, these effects may bring weak and saturated pavement structures. This is while 
the behavior of water inside an asphalt mix is highly complicated (Chen & Huang, 2008). Air 
and water cause volatilization of lighter constituents from asphalt cement and oxidation of 
asphalt binder, and both processes increases the rate of aging of the mixture, making it stiffer 
and more brittle (Robert & Suckhong, 1996). The air voids content in an asphalt mixture is a 
function of the aggregate gradation, the asphalt content, and the degree of compaction. 
Compaction of asphalt pavements is an important process because it has a significant effect on 
performance (Asphalt Institute, 1989). Compaction process causes an increase in the aggregate 
interlock, decrease in the percentage of voids, and decrease in unit weight of a mix. The fatigue 
results are generally better when the air voids decrease (Di Benedetto, Partl, Francken, & Saint 
André, 2001). The distribution of air voids is another important factor that impacts the moisture 
susceptibility of asphalt mixes. It is related to the method of compaction, compaction effort, 
aggregates characteristics, aggregate gradation, and temperature (Masad et al., 2001). Terrel 
and Al-Swailmi (1994) evaluated the moisture sensitivity of asphalt mixes having a different 
percentage of air voids by using the indirect tensile strength test. They found that the 
conditioned specimens have lower indirect tensile strength, and this reduction depends on the 
percentage of air voids in the mix (Terrel & Al-Swailmi, 1992). Subsequently, asphalt mixes 
were classified into different groups namely: impermeable, having pessimum percent of voids, 
and a high percentage of voids with exhibiting free drainage. At pessimum range, where 
moisture sensitivity of mix was maximized, was found to have around 8 percent of voids. 
Masad et al. (2006) assessed moisture damage in different asphalt mixes that were compacted 
by the same targeted air voids but having different gradations to make diverse air void 
distributions. They used x-ray computed tomography technique to determine the average void 
diameter of the mixes. They found a range of pessimum air voids sizes in which moisture 
damage was maximized (Birgisson, Soranakom, Napier, & Roque, 2004). Feng et al. analyze 
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the influence of salt and FT cycles on volume, weight, and strength of asphalt mixes. Results 
showed that damage initiated by the load associated with the ice expansion and deteriorated by 
the loss of adhesion between the asphalt-aggregate or cohesion loss of asphalt mortar (Feng et 
al., 2009). They also found that the air voids is one of the main factors influencing on FT 
strength (Modarres, Ramyar, & Ayar, 2015). Gong et al. (2016) investigated the effect of FT 
cycle on the low-temperature properties of the asphalt fine aggregate matrix. They found that 
the tiny air voids in the mix mean less space for volume expansion of freezing water which 
causes greater expansion pressure in the asphalt with the fine aggregate matrix (Gong et al., 
2016).  
 
The extreme temperature variations in Quebec region have significant influences on the 
performance of asphalt pavements (Carter & Paradis, 2010). Quebec’s roads are subjected to 
seasonal ambient temperature variations of 60°C, and daily rapid variations of temperature that 
may run as high as 30°C. These significant temperature variations in combination with the 
moisture inside the pores result in the development of premature deterioration (Lamothe et al., 
2015), and it can change the viscoelastic characteristics of the asphalt mixtures (Badeli, Carter, 
& Doré, 2016). Asphalt layer systems in pavement structures are usually composed of two or 
three different layers with different thicknesses: wearing course, binder course and base course. 
Base layer plays a major role in bottom-up fatigue cracking resistance (Badeli, Carter, & Doré, 
2018). At the bottom of the asphalt base layer, there is higher tensile strain due to traffic, and 
it has a higher amount of air voids that is mostly due to a poor compaction during the 
construction. On the other hand, during thaw periods, water can penetrate through a saturated 
base by capillary rise. The bearing capacity of underlying layers reduces substantially during 
the thaw periods due to the melting of ice and insufficient pavement drainage (Doré & Zubeck, 
2009). Figure 3.1 shows collected data by the Ministry of Transportation of Quebec (MTQ) 
that illustrates the daily asphalt temperature (asphalt base course) history for a road in the south 
part of Quebec (Route 155, Trois Rivière), from the first of November 2014 to the first of May 
2015. It can be seen that asphalt temperatures are higher than the air temperatures, although 
they both follow the same trend. 
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Figure 3.1 Daily temperature history of Route 155 in Trois Rivière in Quebec from 
November 1st 2014 to May 1st  2015 (Badeli et. al., 2017) 
 
In view of this, the main goal of this paper is to evaluate the impact of compaction level on the 
viscoelastic characteristics of the asphalt base mix (which is called GB20 in Quebec) before 
and after rapid FT cycles. Direct Tension-Compression (DTC) complex modulus test is 
conducted at various temperatures and frequencies on dry, saturated, and FT conditioned 
specimens having different compaction levels. With an improvement of the Witczak predictive 
model formula in mechanistic-empirical pavement design guide (MEPDG) which is the 
research version of the DARwin-ME software by AASHTO, pavement should last longer. 
 
3.3 Experimental Investigation 
This section describes specimen preparation, and the procedures of the FT conditioning in 
detail, including the moisture conditioning, specimen preparation before putting the specimens 
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in the chamber and temperature programming for rapid FT cycles. Mix design tests were 
conducted according to the LC method of mix design. LC Method of Mix Design presents the 
mix design method that was developed by the pavement laboratory (Laboratoire des 
Chaussées) at the ministry of transportation of Quebec (MTQ). 
 
3.3.1 Materials 
Asphalt mixture with a nominal maximum aggregate size of 20 mm, called “Grave Bitume” 
(GB20) which is normally used as a base course in Quebec, was used in this study. One type 
of binder was chosen in this study with a Superpave™ Performance Grade of PG 64-28 asphalt 
binder. The LC method (also known as MTQ’s Method of Mix Design) has specifications in 
accordance with the volume of the effective asphalt binder (Vbe). To that end, maximum 
theoretical specific gravity (Gmm) was determined in accordance with the LC 26-045 (MTQ, 
2005) to find the volume of absorbed bituminous binder (Vba). Once the Vba has been found, 
the binder content (Pb) was set in order to obtain the desired Vbe. The various proportions of 
each aggregate and characteristics of the reference mix are presented in Table 3.1. 
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Table 3.1 Asphalt mixture composition and  
volumetric characteristics 
 
Aggregate gradation 
Sieve No. GB20 mix, Passing (%) 
Requirements Used 
28 mm 100 100 
20 mm 95-100 98 
14 mm 67-90 85 
10 mm 52-75 70 
5 mm 35-50 41 
2.5 mm - 24 
1.2 mm - 16 
0.63 mm - 12 
0.315 mm - 8.0 
0.160 mm - 7.0 
0.08 mm 4.0-8.0 5.5 
Filler - 0.4 
Volumetric Characteristics of the mix 
Gmm1 2.552 
Vba2 (%) 0.952 
Vbe3 (%) 10.202 
b4 (%) 4.504 
1  maximum theoretical gravity of the mix 
2  volume of binder absorbed 
3  volume of effective binder 
4  binder content 
 
3.3.2 Specimens Preparation 
Shear gyratory compactor (SGC) device was used to verify the ability of compaction of the 
mix. For this reason, the variation in the air voids (Va) of the specimens under constant pressure 
(600 kPa) were recorded during SGC test as stated in the LC 26-003 (MTQ, 2005). The rutting 
resistance was tested with the French laboratory slab compactor (Figure 3.2) according to 
Quebec Standard LC 26-400 (MTQ, 2005). The rutting depth must be below 10% after 30,000 
cycles. 
 
After mix design study and find the desired specifications of reference mix, specimens were 
prepared with SGC device and divided into three different groups according to the level of 
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compactions. The measured amount of air voids was calculated. A saturation process in 
accordance with the Quebec standard introduced the percentage of liquid in the specimen’s 
voids network. Rheological behavior in small strain domain has been conducted to measure 
the complex modulus before and after the rapid freeze-thaw cycles. Those tests in this 
paragraph are described in following sections. 
 
 
 
Figure 3.2 French laboratory slab compactor (LPC)  
Taken from Badeli et. al., 2017 
 
3.3.3 Specimens Classification  
Thirty specimens were divided into three groups (A-1, A-2, and A-3) of 10 specimens each 
according to a different level of gyrations. Table 3.2 shows the classification of the specimens 
in each group.  
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Table 3.2 Classification of the specimens in each group 
 
Group Number of specimens 
Target 
percentage 
of air voids 
(%) 
Dummy 
specimens 
prepared for 
temperature 
history 
analysis in 
dry condition 
Specimens 
prepared 
for analysis 
in dry 
condition 
Specimens 
prepared 
for analysis 
in wet 
condition 
Specimens 
prepared 
for analysis 
after 150 
FT cycles 
Specimens 
prepared 
for analysis 
after 300 
FT cycles 
A-1 10 2.00 2 2 2 2 2 
A-2 10 3.50 2 2 2 2 2 
A-3 10 7.00 2 2 2 2 2 
 
The required mass for SGC test is calculated as Equation (3.1):  
m = Gmm×ρ×஠×Øమସ ×h(min) (3.1)  
where, m is mass of the mixture expressed in grams; Gmm is maximum theoretical specific 
gravity of the mixture; ρ is specific density of water; Ø is diameter of the mold cylinder, in 
millimetres; h(min) is height of the specimen, at 0% air voids, in millimeters (115 mm). 
 
The desired percentages of air voids were determined using the SGC test at different gyration 
levels, but keeping the same mix design characteristics according to the LC 26-003 method 
(MTQ, 2005). The theoretical percentage of air voids for each set of the specimens was 
calculated by Equation (3.2). 
Va=100×௛(௡௚)ି௛(୫୧୬)௛(௡௚)      
(3.2)  
where, Va is theoretical air voids in the mix expressed as a percentage; h(ng) is specimen height 
(mm) at a given number of gyrations; h(min) is the height of the specimen, at 0% air voids in 
millimeters (115mm). 
 
The compactor settings used in this study were in accordance with Superpave specifications. 
The SGC was stopped manually when it reached the desired percentage of air voids. Figure 
3.3 shows the average theoretical air voids for the 3 groups versus a number of gyrations in 
different groups. 
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Figure 3.3 Variation in the air voids versus number of gyrations for the all mix groups 
 
After curing time (minimum of two weeks at room temperature), specimens of 75 mm in 
diameter were cored from the SGC specimens. The cored specimens were trimmed and 
grinned, then stocked horizontally in sand beds to prevent any bias deformation (Lamothe et 
al., 2015). 
 
3.3.4 Air Voids Classification 
Before putting instrumentation in place, the measured percentage of air voids were calculated 
according to the Equation (3.3): 
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ࢂࢇ = (૚ − ቀࡳ࢓࢈ࡳ࢓࢓ቁ) × ૚૙૙      
(3.3)  
where, Va is actual percentage of air voids, Gmb is the bulk specific gravity of a mix, Gmm is the 
maximum theoretical specific gravity. The bulk specific gravity can be measured by 
calculating the mass of the specimen in its dry condition when it is submerged in the water 
tank, and when it was in its saturated surface-dry (SSD) condition (Chehab et al., 2000). 
 
Characteristics of specimens before instrumentation and saturation are given in Table 3.3. In 
addition to the total air voids of the specimen, percentage of connected air voids is another 
important parameter for evaluating the pore structures of the mix. Depending on the internal 
structure of the mixture, there are non-connected air voids which are associated with the 
method of compaction and the aggregate structures. The durability of asphalt mixes is affected 
by the total connected air voids (Alvarez et. al., 2009). The moisture cannot enter the mixture 
through non-connected voids to deteriorate the specimen, and they will have a lower effect on 
the moisture-related damage to the mix. Yi et al. (2016) worked on the effect of connected 
inner voids on laboratory moisture test. They reminded that non-connected inner voids have a 
minor influence on the moisture damage of the mix. Therefore, to characterize the 
environmental susceptibility of the mixture, a clear understanding about the percentage of 
connected air voids over the total air voids, is important. The percentages of connected air 
voids per total air voids have been calculated with Equation (3.4) and are shown in Table 3.3 
for all groups. 
 
Table 3.3 Main measured characteristics 
Mix 
group 
Number 
of 
specimens 
Average 
height 
(mm) 
Average 
diameter 
(mm) 
Average 
volume 
(mm3) 
Average 
bulk 
specific 
gravity of 
specimens  
Max. 
specific 
gravity 
of the 
mix  
Target  
of air 
voids  
(%) 
Average 
measured 
of air 
voids 
 (%) 
Standard 
deviation 
of 
measured 
air voids 
(%) 
Average 
percentage 
of 
connected 
air 
voids/total 
voids  
(%) 
A-1 10 157.5 74.01 677,130 2.53 2.57 2.00 1.97 0.12 3.65 
A-2 10 146.5 74.01 630,520 2.48 2.57 3.50 3.45 0.12 7.56 
A-3 10 142.1 74.01 611,360 2.35 2.57 7.00 6.85 0.18 20.17 
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 ܥܸ = 	ௐ௦௦஽ିௐௗ௥௬ௐ௦௦஽ିௐ௦௨௕ (3.4) 
where CV is connected-voids (%); WSSD is saturated surface dry weight (g); Wdry is dry 
weight (g); Wsub is saturated surface dry weight submerged in water (g). 
 
As it is indicated, group A-3 had the significantly higher connected voids (20.17%) compare 
to the A-1 (3.65%) and the A-2 (7.56%). 
 
3.3.5 Moisture Conditioning Procedure  
There is no practical and reliable moisture test to simulate the field moisture performance for 
asphalt mix during the design stage. The reason is that the specimen conditioning method 
cannot represent the field conditions, resulting in underestimating the effect of moisture for 
some mixes. Air voids distribution and percentage, as well as the vacuum pressure for 
achieving moisture saturation, are two main parameters which have a significant impact on the 
moisture testing results (Yi et al., 2016).  
 
In order to introduce liquid into the specimen’s voids network, a saturation process was adapted 
from the test method specified by LC 26-001 for moisture resistance measurements (MTQ, 
2005). Mixtures with more connected voids could easily reach 70% to 80% saturation level 
without severe vacuum pressure conditioning. The first two specimens at each group were kept 
the air dry (D) as controlled reference specimen for complex modulus test. The other two 
specimens from each group were conditioned through vacuum saturation. Two steps were 
considered. First, the specimen was placed in a container at a minimum of 25 mm above the 
container bottom whose pressure (P) was kept below or equal to 4 kPa. Then, the desiccator 
was filled with de-aerated water under vacuum (P ≤ 4 kPa or 30 mm- Hg), for a conditioning 
period of 30 minutes. This conditioning mimics field performance for up to four years 
(Bagampadde et al., 2004). Previous researchers reported that air voids in full-saturated asphalt 
mix can increase more than 50% after 8 FT cycles (Xu et al., 2016; Ozgan et al., 2013; Freng 
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et al., 2010). In this study, the degree of saturation was targeted to be less than 70 percent to 
prevent water damage of the mix. However, mixture with a low percentage of connected air 
voids (e.g. A-1), is not easy to reach the desired saturation level without being pre-damaged 
(Kringos et al., 2009). To this end, a constant low pressure of vacuum is required to reach a 
certain percentage of saturation in the specimen, without creating severe micro-damage (Yi et 
al., 2016). The degree of saturation is defined by using the following Equation (3.5): 
DS = 100 × ܬ
௔ܸ
 (3.5) 
where, DS is a degree of saturation, percent; Va is Volume of air voids, cubic centimeter, which 
can be determined from Equation (3.6). J is the volume of absorbed water, cubic centimeter, 
which can be determined from Equation (3.7); 
௔ܸ = 	 ௔ܲ
ܸ
100 
    
(3.6) 
where, V is the volume of the specimen, cubic centimeter; Pa is a percentage of air voids 
calculated from Equation (3.3). 
ܬ = ܤʹ − ܣ (3.7)    
where, Bʹ is a mass of the saturated, surface dry specimen after partial saturation, g; and A is a 
mass of the dry specimen in the air, g. 
 
Table 3.4 gives the data used to calculate the average degree of saturation for each group. At 
the end of the saturation process, void content calculated again for each specimen to make sure 
that the saturation process did not create severe micro-damage inside the mix. Then the 
specimens were wrapped in a latex membrane, and waterproof tapes were placed around the 
specimens to prevent water loss during the FT cycles.  
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Table 3.4 Measured Characteristics after Saturation 
 
Mix 
group 
Average 
measured 
% of air 
voids 
 
Average 
volume of 
Specimens 
(mm3) 
Average 
weight of the 
specimens 
(gr) 
mass of the 
saturated, 
surface dry 
specimen 
(gr) 
Average 
degree of 
saturation of 
the 
specimens 
(%) 
Standard 
deviation of 
the degree of 
saturation 
(%) 
A-1 1.97 677,130 1,540 1,542 50.47 3.21 
A-2 3.45 630,520 1,548 1,552 63.74 3.10 
A-3 6.85 611,360 1,540 1,548 70.32 2.17 
 
3.3.6 Experimental Procedures for Freeze-Thaw Cycles  
There is no standard method to evaluate the daily FT cycles of asphalt mixtures. After the 
saturation process, each set of asphalt specimens were submitted to 150 and 300 freeze-thaw 
cycles in the programmable chamber (Figure 3.4) as set forth in ASTM C-666.92 (ASTM, 
2008), "Standard Test Method for Resistance of Concrete to Rapid Freezing and Thawing". 
The cooling and heating rate used was 4.5 °C/min. For each FT cycle, two different temperature 
levels were targeted, which were -18 and 6 °C. At each level, the temperature was kept constant 
for a period of 1.5 hours. No specimen was oven dried before or after the rapid FT testing since 
it might affect the viscoelastic characteristics of asphalt mix.  
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Figure 3.4 Programmable chamber used for FT cycles 
 
In each group, four specimens were saturated and submitted to 150 and 300 FT cycles and 
another two dried-dummy specimens were equipped with thermocouples in order to analyze 
the history of temperature during the rapid cooling-heating process. Thermocouples were 
placed on the surface, beneath and inside the specimens. To place the thermocouple inside, the 
specimen was drilled and the hole was filled with bitumen prior to the introduction of the 
thermocouple (Figure 3.5). 
 
 
 
 
52 
 
(a)
 
(b)
 
(c)
 
 
Figure 3.5 Specimens prepared for freeze-thaw cycles and thermo-mechanical test:  
(a) Reference specimen; (b) specimen covered by Latex membrane to avoid water 
evaporation during handling and FT cycles; (c) Instrumentation of dummy specimens 
(temperature sensors inside and around the specimens) 
 
3.3.7 Linear viscoelastic Investigation 
In order to analyze the structural behavior of asphalt mix and its evolution with time in the 
laboratory, thermomechanical properties in small strain domain amplitude of the specimens 
were investigated with regard to complex modulus (|E*|) test. Comparison the |E*| and fatigue 
durability test results in the previous study indicated that the analysis of the complex modulus 
test can predict the durability of asphalt mix under the repeated FT cycles in the lab (Badeli et 
al., 2017). 
|E*| is observed for very small strain amplitude and corresponds to the linear viscoelastic 
behavior of mixtures. The complex modulus is the expression of the stiffness of a viscoelastic 
material under cyclic loading and is calculated by Equation (3.8): 
|E∗| = σ଴ε଴  
    (8) 
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Where σ0 is the maximum stress amplitude and ε0 is the peak recoverable strain amplitude. The 
Phase angle (φ) is described as a phase lag of the strain behind the stress under the sinusoidal 
cyclic solicitation. The phase angle is 0° for a purely elastic material, and 90° for a purely 
viscous material. The ratio of the amplitude of the sinusoidal stress of pulsation ω applied to 
the material ߪ = ߪ଴ sin(߱ݐ) and the amplitude of the sinusoidal strain ߝ௧ = ߝ଴ sin(߱ݐ − ߮)that 
result in a steady state (Equation (3.9)) (Di Benedetto et al., 2001). 
|E∗| = σε =
σ଴e୧ன୲
ε଴e୧(ன୲ି஦) 
(3.9) 
In this project, |E*| tests were performed before, after saturation, and after analyzing rapid 
freeze-thaw cycles by using the Direct Tension-Compression test on cylindrical specimens. An 
environmental chamber (MTS) was used for thermal conditioning during the |E*| tests (Figure 
3.6). The temperature was controlled by three temperature probes which were placed on the 
surface of the specimens. The strain was detected with three extensometers placed on the 
specimens at an angle of 120° from one another. The target applied strain was fixed at 50 μ-
strain to ensure that the measurement was maintained within the linear viscoelastic domain as 
explained in Figure 3.7 (Di Benedetto et al., 2004). Researchers showed that the time-
temperature superposition principle can be conducted with good approximation to asphalt 
mixtures in the small strain domain (Nguyen et al., 2012). 
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Figure 3.6 MTS measurement system for complex modulus test 
 
 
 
Figure 3.7 Different domains of behavior observed on asphalt mixture  
Taken from Olard et al. (2003) 
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MTS press was used over a range of various temperatures (−35°C, −25°C, −15°C, −5°C, +5°C, 
+15°C, +25°C and +35°C) and frequencies (10, 3, 1, 0.3, 0.1, and 0.03 Hz). A stabilization 
time period (6 hours) was considered when the temperature was changed. During this period, 
the load applied to the specimen is null. This rest period ensures a homogeneous temperature 
inside and outside the specimen (Tapsoba et al., 2014). A rest period which is about 5 min is 
also applied between two successive cyclic loading periods to avoid self-heating effect. For 
each mix, a total of two cored specimens were tested. As per Di Benedetto and De la Roche 
(1998), complex modulus test results can be presented using isothermal curves, isochronal 
curves, Cole-Cole plane and Black space diagram. 
 
3.4 Results and Discussions  
3.4.1 Physical analysis of the Specimens  
After completing 150, and then 300 FT cycles, percent water loss is calculated. No specimens 
were oven dried before or after the FT cycles since it might affect the viscoelastic 
characteristics of asphalt mixes. Table 3.5 gives the information about the characteristic of the 
specimens after 150 and 300 FT cycles. Mix A-1 had the highest level of water loss during the 
evolution of FT cycles. It experienced 24% and 36% water loss after 150 and 300 FT cycles 
respectively. The water loss for the mix A-2 was 12% after 150 FT cycles and 22% after 300 
FT cycles. Moreover, the average water loss for the mix A-3 is 17% after 150 FT cycles and 
31% after 300 FT cycles. A large percentage of water loss for the A-1 is probably due to the 
low percentage of connected-voids in the specimens. 
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Table 3.5 Characteristic of the specimens used for freeze-thaw cycles 
 
Mix 
group 
Average 
measured 
% of air 
voids (%) 
Average 
degree of 
saturation of 
the 
specimens 
(%) 
Average 
percentage of 
voids after 
saturation 
(%) 
Average 
degree of 
saturation of 
the 
specimens 
after 150 FT 
cycles (%) 
Average 
degree of 
saturation 
of the 
specimens 
after 300 
FT cycles 
(%) 
Average 
volume of 
water in 
the 
specimens 
before FT 
cycles 
(mm3) 
Volume of 
absorbed 
water after 
150 FT 
cycles 
(mm3) 
Volume 
of 
absorbed 
water 
after 300 
FT 
cycles 
(mm3) 
A-1 1.97 50 2.30 38 32 5,900 4,850 3,830 
A-2 3.45 63 3.80 55 49 12,800 11,200 10,330 
A-3 6.85 70 7.30 58 48 30,700 24,900 18,550 
 
3.4.2 Temperature History during a Cooling-Heating Cycle  
Figure 3.8 indicates variations of temperature in the chamber and at different depths of the 
specimens applying from the 1st to the 8th freeze-thaw cycles. As it is shown in Figure 3.8, 
there is a difference between the temperature sensor placed in the core of the specimen and the 
temperature sensor placed on the surface of the specimen especially for a mix with a low 
percentage of air voids. ΔT is almost equal for both specimens during the first 2 cycles, but it 
was reduced gradually for the specimen with a high percentage of voids as time passes. This 
behavior was expected and is due to the rapid rate of the heating and cooling cycles. This non-
homogeneity of the temperature during rapid heating-cooling cycles may increase the potential 
for thermal cyclic damage since there is a different level of contraction and expansion in the 
mix for a high percentage of air voids. The average of the temperature at different stages of the 
mixtures during 300 FT cycles is shown in Figure 3.9. Average of the temperature placed in 
the core of the specimen with 2% of air voids was higher than the specimen with 7% air voids 
during 300 FT cycles. 
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Figure 3.8 Temperature regime for low (2%) and high (7%) percentage of 
 voids from the first to the 8th freeze-thaw cycles 
 
 
 
Figure 3.9 Average surface and inside temperature for the specimens  
studied during cooling-heating cycles 
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Analysis of the temperature in the previous study conducted by Hassn et al. (2016) indicated 
that the asphalt mix with a high percentage of air voids has lower thermal conductivity than 
the mix with a lower percentage of air voids. On the other hand, amount of energy in water 
inside the pores can be absorbed during thawing and released during freezing. This amount of 
energy that can be released or absorbed during phase change is called the latent heat of fusion. 
Latent heat of fusion for freezing or thawing water is constant at 334 kJ/kg. For pavement 
materials, the latent heat of fusion, Ls, can be obtained from Equation (3.10) (Doré and Zubeck, 
2007).  
ܮ௦ =
߱
100
ߩௗ
ߩ௪ ܮ 
(3.10) 
where ω is the gravimetric water content of soil or pavement material, ρd and ρw are the 
densities of dry specimen and water, respectively, and L is the latent heat of fusion is constant 
at 334 kJ/kg or 334 MJ/m3 for freezing or thawing water. 
 
Based on the Eq. (13), the specimen with high percentage (7%) of voids has a much higher 
latent heat of fusion (Ls= 19.22 kJ/kg) than the specimen with low percentage (2%) of voids 
(Ls= 1.368 kJ/kg). These can show the importance of the compaction effort which results to 
have different density. The amount of energy concentrated in the asphalt mixtures with 
different air voids content, but with the same material specifications and mix design, during 
FT cycles depends only upon the density of the asphalt mixes. 
 
3.4.3 Complex Modulus Results  
The complex modulus results in this study were analyzed by using the 2S2P1D model. 
Previous studies showed the ability of the 2S2P1D model to simulate the asphalt behavior over 
a range of temperature and frequency in wet and dry conditions (Di Benedetto et al., 2004; 
Perraton et al., 2016; Lamothe et al., 2016; Lamothe et al., 2017; Tremblay et al., 2017). It was 
also found that this model is appropriate to evaluate the viscoelastic behavior by considering 
the FT cycles (Lamothe et al., 2017). The 2S2P1D (two Springs, two Parabolic elements, and 
one Dashpot) modeling are presented in Figure 3.10.  
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Figure 3.10 Representation of the introduced  
general model “2S2P1D” for asphalt mixtures  
Taken from Di Benedetto et al. (2004) 
 
This model has been developed in the laboratory of DGCB (Département de Génie Civil et 
Bâtiment) at the ENTPE (École Nationale de Travaux Publics de l’État, (Lyon, France)) on the 
linear viscoelastic characteristics of bituminous materials (Olard et al., 2003; Di Benedetto et 
al., 2004). Equation (3.11) was used in order to analyze the results of complex modulus with 
the 2S2P1D rheological model which was expressed by Olard et al. (2003). 
ܧ∗ଶௌଶ௉ଵ஽ 		= 		 ܧ଴଴ 	+		
ܧ଴ 	−		ܧ଴଴
1		 + 	ߜ(݅ɷா)ି௞ 			+ 	 	(݅ɷா)ି௛ 		+ 		 (݅ɷߚா)ିଵ 
    (3.11) 
where i is complex number defined by i2 = -1, E0 is the glassy modulus when (ω→ 0), E00  is 
the static modulus when (ω→∞), ɷ is the pulsation (equal to 2ߨ ௥݂), f_r is frequency, δ (delta) 
is constant, β is dimension constant linked with η, which  is the newtonian viscosity (	 =
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(ܧ଴ − ܧ଴଴)ߚ߬ா), and h, k are the parameters (constants) parabolic elements of the model (0 < 
k < h < 1).  
 
ா is characteristic time, which depends only with temperature and which accounts for the 
classical equivalence principle between frequency and temperature. The changing of ா by 
temperature can be explained by means of a shift factor if the time-temperature superposition 
principle holds (Eq. (12)): 
 	τா(T) = 		 ்ܽ(ܶ) × ߬଴ா    (3.12) 
where ்ܽ(ܶ) is shift factor at temperature T and ଴ா = τ(Tref) at reference temperature Tref.  
 
Therefore seven criterion in the 2S2P1D formula (E00, E0, δ, k, h, β, and ࣎૙ࡱ) are needed to 
analyze the linear viscoelastic characteristics of the tested specimens at a given temperature 
and frequency. The progressions of ா were determined by the William-Landel-Ferry (WLF) 
model (Ferry, 1980). ߬଴ா	was quantified at the selected reference temperature Tref. When the 
temperature effect is determined, the number of criterion becomes nine, including the two WLF 
criteria (Equation (3.13)) (C1 and C2 determined at the reference temperature). 
  
 ݈݋݃	(்ܽ) 		= 		 ି	஼భ	(்	ି	்ೝ೐೑)஼మ		ା		(்	ି	்ೝ೐೑)    
(3.13) 
The 2S2P1D modeling parameters are stated in Table 3.6. The k, h, δ, and τE (s) parameters 
explain the binder rheology of the mixes (Di Benedetto et al. 2004) which are almost same for 
the specimens in each group. A-1 has the highest glassy modulus compares to the other groups, 
which is due to it has a higher density. After saturation, an increase of 1000 MPa, 1000 MPa, 
and 2500 MPa happens for the glassy modulus of the mix A-1, A-2, and A-3 respectively. 
Table 3.6 also indicates that the evolution of FT cycles does not have considerable influence 
on the glassy modulus (E0, which describes as maximum modulus for high frequency and/or 
low temperature) and static modulus (E00, which describes as maximum modulus for low 
frequency and/or high temperature) for A-1, and A-2. Whereas, E0 decreases substantially after 
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300 FT cycles for group A-3. The reduction of E0 by increasing the number of FT cycles was 
anticipated in the recent study (Lamothe et. al., 2017). 
 
Table 3.6 Parameters of the introduced 2S2P1D model for the corresponding groups 
 
Group Condition Va% 
E00 
(MPa) E0 (MPa) k h δ τE (s) 
A-1 Dry 2.0 50 44,000 0.17 0.52 2.20 0.006 
 0 FT 2.0 75 45,000 0.17 0.54 2.20 0.006 
 150 FT 2.0 50 44,000 0.17 0.54 2.20 0.006 
 300 FT 2.0 50 44,000 0.17 0.54 2.20 0.006 
A-2 Dry 3.5 30 42,000 0.18 0.55 2.20 0.006 
 0 FT 3.5 32 43,000 0.18 0.55 2.20 0.006 
 150 FT 3.5 22 41,600 0.18 0.55 2.20 0.006 
 300 FT 3.5 22 41,200 0.18 0.55 2.20 0.006 
A-3 Dry 7.0 35 40,000 0.18 0.52 2.20 0.006 
 0 FT 7.0 35 42,500 0.18 0.52 2.20 0.006 
 150 FT 7.0 15 41,500 0.18 0.55 2.20 0.006 
 300 FT 7.0 12 33,000 0.17 0.55 2.20 0.006 
 
3.4.4 Effect of Freeze-Thaw and Water  
In order to objectively compare the results of complex modulus analyzed by the 2S2P1D model 
for different mixes, a condition effect coefficient, C* CEC was calculated. The calculation of 
the conditioning effect coefficient (C* CEC) was developed by Di Benedetto (2007), and is 
defined as the ratio between the complex modulus of a specific mix which was made with a 
specific condition, in our case the conditioned mix at the equivalent frequency, and the 
complex modulus of a reference mix, at the same frequency as written in Equation (3.14). C* 
CEC has been used recently and has indicated to be very efficient to compare complex modulus 
experimental test results (Perraton et al., 2016; Tremblay et al., 2017). 
C∗஼ா஼= ா
∗ಷ೅಴
ா∗ೃಶಷ     
(3.14)  
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where C* CEC is the conditioning effect of the coefficient, ܧ∗ி்஼ is the value of complex 
modulus for the conditioned specimens, and ܧ∗ோாி is the value of complex modulus for the 
reference specimens. ܧ∗ி்஼  and ܧ∗ோாி are complex modulus results obtained based on the 
master curve. An example of the master curve is shown in Figure 3.11. The top part of the 
master curve corresponds to the maximum stiffness value (at high frequency and/or low 
temperature) and the bottom part corresponds to the minimum stiffness value (at low frequency 
and/or high temperature). 
 
 
 
Figure 3.11 Example of the master curve of the norm of complex modulus for  
a reference specimen in the group A-1 
 
It should be noted that C* CEC of one means that there is no difference before and after the 
conditioning. The norm of the complex conditioning effect coefficient C* CEC is plotted for 
the mixes with different level of voids are shown in Figure 3.12.  
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Figure 3.12 Comparison of the effect of 150 rapid FT cycles  
and 300 rapid FT cycles on the stiffness behavior of all the mixes 
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Figure 3.12 presents that increased in complex modulus occurred after saturation and at the 
frequencies above the freezing point of water (based on equivalent temperatures in Figure 
3.11). This bias behavior was probably caused by pore water pressure within the specimens. A 
similar increase in resilient modulus due to the saturation process was seen in past studies 
(Lottman, 1982; Coplantz, and Newcomb, 1988). Coplantz and Newcomb (1988) mentioned 
this behavior may be due to the difficulty of the temperature of the vacuum saturation bath. 
 
All mixes show the decrease in modulus at high temperatures/low frequencies after FT cycles 
compare to the reference. C*CEC reduces gradually as frequency increases. This continues 
until a frequency of around 100 Hz which is the equivalent of the freezing point (0°C) 
according to the master curve (Figure 11). All groups experience a small bump for the 150 FT 
curve, on Figure 3.12, at frequencies near the freezing point, which reduces gradually as 
frequency increases. This is probably due to the water expansion. El-Hakim and Tighe (2014) 
were considered water expansion as the main premature damage occurred during FT cycles 
(El-Hakim and Tighe, 2014).  
 
C*CEC remains constant at frequencies higher than around 105, which is around -14°C. This 
temperature can be considered as glass transition temperature of the mix, where the mix starts 
to have the glassy behavior as temperature decreases and the behavior becomes completely 
elastic. As temperature reduces further, the ice in the pores does not significantly change the 
viscoelastic behavior of the conditioned mix. Because of that, the C*CEC value is close to one 
for all curves except for the mix A-3. 
 
There is a significant decrease of complex modulus after 300 freeze-thaw cycles for the A-3 
mix (7% of voids). The C*CEC remains constant at around 0.8 below the freezing point, or 
after 100 Hz. This is while increased in stiffness of saturated specimens was seen in this 
research and also in the previous studies (Lamothe et al., 2017; Lachance-Tremblay et al., 
2017). The reduction in stiffness for saturated mix after the 300 FT cycles can be considered 
as the premature damage in the specimens. 
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3.4.5 Cole-Cole Plane and Black Curves 
The results of complex modulus test can be presented in Cole-Cole plane. The storage modulus 
(E1) is plotted on the real axis (x-axis), and the loss modulus (E2) is plotted on the imaginary 
axis (y-axis). Three tendencies can be noticed: tendency at lower temperatures, intermediate 
temperatures and at high temperatures. Cole-Cole plane shows that at low temperatures, real 
modulus increases and the loss modulus decreases. This representation allows assessment of 
the quality of the test but mainly at intermediate and low temperatures (Pellinen, 2002). Figure 
3.13 show the complex modulus results in the Cole-Cole plane.  
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Figure 3.13 Representation of Complex modulus test  
results in Cole-Cole diagram for all mixes 
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A-3 shows significant differences between the reference and 300 FT cycles. The curve shrinks 
and data are moving along the left side of the curve after 300 FT cycles, while, the diagram 
does not show significant differences between the reference and after 150 FT cycles. After 
saturation and before FT cycles, the storage modulus increased at low temperatures. This 
increase is clearer for the mix A-3. This increase in storage modulus is due to the effect of ice 
formation inside the pores. The storage modulus at low temperatures decreases as a number of 
FT cycles increase which was seen in the past study (Lamothe et al., 2017; Lachance-Tremblay 
et al., 2017). The stiffness reduction of partially saturated specimens after a large number of 
FT cycles could result from the microcracks that were started during FT cycles. 
 
The cole-cole plane allows assessment of the quality of the test but mainly at intermediate and 
low temperatures. To assess the quality of data at high temperatures the Black space provides 
a better way of inspecting data (Pellinen, 2001). Figure 3.14 present complex modulus results 
in black space diagram. It can be seen that the phase lag angle reduces after reaching a 
maximum value. This behavior is due to the viscosity of the mix at high temperature (around 
+38 °C) and depends mostly on the type of the bitumen (Basueny et al., 2014). The maximum 
value of the phase angle after 300 FT cycles increase for the mix A-3. 
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Figure 3.14 Representation of Complex modulus test  
results in Black Curve diagram for all mixes 
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In general, since the characteristics of mixes were similar for all groups, the increase in 
viscosity (at very high temperatures) and decrease in stiffness (at very low temperatures) after 
300 FT cycles for the group A-3 is probably due to the stripping problem. Stripping of the mix 
after a large number of FT cycles is due to the loss of adhesion at the cement-aggregate 
interfaces and in part by the failure of the cohesion within the binder (Williams and Miknis, 
1998; Copeland et al., 2006; Caro et al., 2008). The results clearly indicated that the level of 
compaction affects the durability of the mixes. The composition of voids can be changed by 
water easier due to a large number of connected-air voids and high volume of water. The 
damage from the accumulation of ice expansion load can be named as FT fatigue damage and 
it will deteriorate the asphalt-aggregate bond and allows water to be displaced with the mastic 
and increase the stripping of aggregates (Si et al., 2014). Previous lab test indicated that the 
rapid 300 FT damage considerably decreases the fatigue life of the mix (Badeli et al., 2017). 
 
3.5 Precision of Testing  
A repeatability strategy was conducted, demonstrating the quality of the test. Since the 
complex modulus test is the non-destructive, it is possible to check the same specimen again. 
In this paper, two specimens were chosen for each complex modulus test to increase the 
precision of the test. The result for each frequency and temperature is the average of the two 
repetitions. A ratio of the norm of the complex modulus at each temperature and frequency is 
calculated for two specimens, and if the results have 10% difference, the tests are considered 
good and the average of |E*| is used. Otherwise, a third specimen is tested (did not happen in 
this study). 
 
3.5.1 Adjustment of the Witczak Model for GB20 mix with using PG 64-28 Binder 
|E*| values are usually obtained from conducting the laboratory testing on asphalt mixes. 
However, complex modulus test requires a long waiting time and a series of expensive testing 
equipment and materials. The E* predictive models have been developed as an alternative 
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method of obtaining the complex modulus values. The E* values can be determined from the 
basic properties of asphalt mix and materials without conducting complex modulus test. 
However, there are many different parameters that influence the complex modulus of mixes, 
such as environmental parameters which are not addressed in the E* predictive models (Yu, 
2012). The previous section proves that the effect of a large number of FT cycles is responsible 
for lower stiffness value which can affect the life of the mixture. Improvement of the predictive 
model is essential to prevent the premature failure of the mixes. The current MEPDG uses the 
two different Witczak models for complex modulus (E*) estimation. Both models predict 
complex modulus of an asphalt mixture at any frequency and temperature as a function of a 
binder stiffness parameter, mix aggregate gradation and mix volumetric properties. The major 
difference between these two models is the definition of binder stiffness in the formula. The 
NCHRP 1-37A model suggests the binder stiffness with regard to the viscosity, whereas the 
NCHRP 1-40D suggests it in the matter of the G*  and δ (phase angle) (El-Badawy et al., 2011; 
Witczak et al., 2007; Sholar et al., 2005). The NCHRP 1-37A model was used in this study to 
be able to compare the Moduli |E*| which were experimentally determined from the laboratory 
with values obtained by the model. The model is shown in Eq. (15) (Bari and Witczak, 2006): 
Log|ܧ∗ௐ௜௧௖௭௔௞| = −1.249937 + 0.029232. ଶܲ଴଴ − 0.001767( ଶܲ଴଴)ଶ − 0.002841. ସܲ − 0.05809
− 0.802208 ௕ܸ௘
௕ܸ௘ + ௔ܸ
+ 3.871977 − 0.0021. ସܲ + 0.003958. ଷ଼ܲ − 0.000017 ଷ଼ܲ
ଶ + 0.005470. ଷܲସ
1 + ݁(ି଴.଺଴ଷଷଵଷି଴.ଷଵଷଷହଵ ୪୭୥௙ି଴.ଷଽଷହଷଶ ୪୭୥ఎ) 									 
  
(15) 
where, ܧ∗ௐ௜௧௖௭௔௞	is asphalt mix dynamic predictive modulus (105 psi), ߟ	is viscosity of binder 
(106 poise), ݂ 	is the Loading frequency (Hz), Va is air voids in the mix (percentage by volume), 
Vbe is Effective binder content (% by volume), P200 is percentage of passing number 200 sieve, 
P4 is Cumulative percentage of retained on number 4 sieve, P38 is cumulative percentage of 
retained on 3/8 inch sieve, P34 is cumulative percentage of retained on 3/4 inch sieve. 
 
Moduli |E*| which were experimentally determined from the lab test can be compared with 
values obtained by Witczak predictive model (ܧ∗ௐ௜௧௖௭௔௞). A total three groups of 24 specimens 
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with different percentage of air voids were used to compare with values obtained by the 
predictive model. For each specimen, the dynamic moduli obtained from eight different 
temperatures, and seven frequencies have been used for the comparison. The results are shown 
in Figure 3.15. 
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Figure 3.15 Comparison between  
the laboratory-measured and predicted E* 
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A comparison between the laboratory determined and predicted data has indicated 
underestimated prediction of the complex modulus after 300 FT cycles by the un-calibrated 
NCHRP 1-37A model, indicating that the NCHRP 1-37A model is not precise enough on 
mixture after a large number of rapid FT cycles. The Witczak predictive model shows a poor 
goodness of prediction with the same value of R2 before the condition of rapid FT cycles. This 
can prove that a correction factor proposed for an existing model is required based on the effect 
of environmental FT cycles. Under this circumstance, calibrated models are essential rather 
than directly applying the NCHRP 1-37A model to predict the dynamic modulus after a large 
number of rapid FT cycles. In this study, the customized models not only for a specific mixture 
but also for the mixes with different air void content have been developed (Figure 3.16). The 
relative bias in the dynamic moduli prediction, especially at high temperatures, low 
frequencies, and a high percentage of voids by using the Witczak model, can be eliminated by 
applying Equation 3.16 on the predicted values from this model. 
 
 
 
Figure 3.16 Performance of the corrected model after calibration for  
the conditioned mix after 300 FT cycles 
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E*Corrected = 1.1603 E*Witczak - 0.4007    (3.16) 
where, E*Corrected is dynamic modulus corrected for bias, in MPa; and E*Witczak is dynamic 
modulus predicted from the NCHRP 1-37A model in MPa.   
 
3.6 Conclusion  
This paper presents results on the behavior of the GB20 mixtures with different compaction 
levels in the linear viscoelastic domain before and after the 150 and 300 FT cycles. The cooling 
and heating rate used was 4.5 °C/min. For each temperature cycle, two different temperature 
levels were targeted, which were -18 and +6 °C. In each group, two dummy specimens were 
equipped with thermocouples in order to analyze the temperature history during the rapid 
cooling-heating process. All specimens were subjected to complex modulus test carried out 
using the direct tension-compression test. The rheological model 2S2P1D was used to simulate 
the behavior of the mixes according to various temperatures and frequencies. Based on the 
analysis and results, the following observations were found: 
 
1) A large percentage of water loss for the A-1 was seen after the 300 FT cycles. This is 
probably due to the low percentage of connected-voids in the specimens which means that 
only surface pores were filled with deaerated water. 
2) Specimen with high percentage of voids has a much higher latent heat of fusion (L_s= 
19.22 kJ/kg) than the specimen with low percentage of voids (L_s= 1.368 kJ/kg). These 
can show the importance of the compaction effort which results to have different density. 
The amount of energy concentrated in the asphalt mixtures with different air voids content, 
but with the same material specifications and mix design, during FT cycles depends only 
upon the density of the asphalt mixes. 
3) A-1 has the highest glassy modulus. Results also indicate that the evolution of FT cycles 
does not have considerable influence on the glassy modulus and static modulus for A-1, 
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and A-2. Whereas, E0 decreases substantially after 300 FT cycles for the mix with low 
compaction level (A-3).  
4) Results indicate that increased in complex modulus occurred after saturation and at the 
frequencies above the freezing point of water. This bias behavior was probably caused by 
pore water pressure within the specimens or due to the difficulty of the temperature of the 
vacuum saturation bath. 
5) A-3 shows significant different behavior between the reference and 300 FT cycles in Cole-
Cole graph. The curve shrinks and data are moving along the left side of the curve after 
300 FT cycles, while, the diagram does not show significant differences between the 
reference and after 150 FT cycles.  
6) Analysis of Cole-Cole graph shows that after saturation and before FT cycles, the storage 
modulus increased at low temperatures. This increase is clearer for the mix A-3. This 
increase in storage modulus is probably due to the effect of ice formation inside the pores. 
The storage modulus at low temperatures decreases as a number of FT cycles increase.  
7) The maximum value of the phase angle after 300 FT cycles increase for the mix A-3. The 
increase in viscosity (at very high temperatures) and a decrease in stiffness (at very low 
temperatures) after 300 FT cycles for the group A-3 is probably due to the stripping 
problem. 
8) Comparison between the laboratory determined and predicted data indicated that the 
relative bias in the modulus prediction after 300 FT cycles, especially due to the high 
percentage of voids. This can be eliminated by applying the improved equation to the 
predicted values.  
 
Further analysis is required based on the effect of compaction on mixes having different 
binders incorporating the full FT cycles in the lab. In the meantime, the field data with different 
compaction levels can be obtained from the site condition to find an actual predicted formula. 
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4.1 Abstract 
Quebec roads are subjected to seasonal ambient temperature variations and daily rapid 
variations of temperature. These significant temperature variations in combination with the 
moisture inside the pores result in the development of premature deterioration in asphalt 
pavement. At present, the impact of regional freeze-thaw cycles on fatigue cracking has not 
been considered in the Mechanistic-Empirical pavement design method or other design 
methods in cold regions, which results overestimate the pavement life. Hence, the main 
objective of this study was to conduct the thermo-mechanical tests on an asphalt mixture before 
and after rapid freeze-thaw cycles. Considering the differences regarding the 2S2P1D model 
parameters, it was found that the influence of freeze-thaws condition on the stiffness behavior 
of the mix is higher with increasing the number of cycles from 150 to 300. Regarding fatigue 
test results, the reference mixture was more resistant to fatigue cracking than the conditioned 
mix after 300 freeze-thaw cycles. 
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4.2 Introduction 
Pavement structures in Canada experience severe seasonal climatic conditions in a year (Doré 
& Zubeck, 2009). The extreme fluctuations of temperature in Quebec region have significant 
influences on the performance of asphalt mixtures (Carter & Paradis, 2010). Quebec roads are 
subjected to seasonal ambient temperature variations of 60oC, and daily rapid variations of 
temperature that may run as high as 30oC (Paradis & Langlois, 2006). These significant 
temperature variations in combination with the moisture inside the pores result in the 
development of premature deterioration of asphalt mixtures. 
 
4.2.1 Background 
Many researchers have been conducting different studies to analyze the mechanism of freeze-
thaw damage in pavement structures in the past (Janoo and Berg 1990, Simonsen and Isacsson 
1999, Williams and Miknis 1998, Doré and Imbs 2002). The mechanism of freeze-thaw cycles 
in asphalt mixtures is described as water infiltration inside the asphalt voids combined with the 
variation of positive and negative ambient temperatures. Damage of asphalt mix during the 
freeze-thaw cycles is started by changing the volume of the mix caused by the expansion of 
water under low temperature when it turns to ice and deteriorated by the loss of adhesion 
between the asphalt and aggregate or cohesion of asphalt mortar (Goh & You, 2012). The ice 
expansion load will change the voids composition. If the comprehensive stress from ice 
expansion is smaller than the tensile strength of the material, micro-damage will accumulate 
(Si, Ma, Li, Ren, & Wang, 2014). But after a large number of freeze-thaw cycles, stress will 
eventually exceed the tensile strength of the material and macro damage will appear (Feng, Yi, 
Wang, & Wang, 2009). The damage from the accumulation of ice expansion load will 
deteriorate the asphalt-aggregate bond and allows water to be displaced with the mastic and 
increase the stripping of aggregates (Si et al., 2014). The stripping due to the loss of adhesion 
at the asphalt cement-aggregate interfaces and/or in part by the failure of the cohesion within 
the binder (Williams and Miknis 1998, Copeland et al. 2006, Caro et al. 2008). Goh and You 
(2012) used an image processing technique to study the stripping of aggregates on the surface 
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of asphalt mix after rapid freeze-thaw cycles. They concluded that stripping and cracks 
increased with each freeze-thaw cycle.  
 
Another important factor in studying the mechanism of freeze-thaw cycles is contraction and 
expansion of the asphalt material due to the daily and yearly repetitions of temperature 
fluctuations. Temperature affects asphalt pavements in two different ways: 1. Thermal 
expansion and contraction of asphaltic materials due to the seasonal variations of temperature. 
2. The structural responses due to the day-night temperature variations (Jackson and Vinson 
1996, Jackson and Vinson 1996, Islam and Tarefder 2014). Biao et al. (2010) analyzed the 
effect of temperature and aggregate gradation on the flexural tensile strength of asphalt mixes. 
They showed that coarse aggregate gradation improves the flexural tensile strength of asphalt 
mixes at low temperatures. The results indicate that temperature evidently influences the 
flexural tensile characteristics of mixes. Another result of the past studies by Tarefder and 
Islam (2014) showed that more than 98% of total fatigue damage in asphalt mixes is developed 
by thermal damage due to the effect of yearly and daily temperature fluctuations. 
 
In addition to the mechanism of freeze-thaw cycles, many researchers have been working on 
the performance characteristics of asphalt mixes after freeze-thaw cycles in the past (Zeng and 
Shields 1999, Bausano and Williams 2009, Özgan and Serin 2013, Lamothe et al. 2014, Tang 
et al. 2014). The effect of salt on the performance of asphalt mixtures was studied by Feng et 
al. (2009, 2010). They concluded that freeze-thaw condition has a significant effect when the 
percentage of salt is less than 3%. Lamothe et al. (2015) indicated that in the temperature range 
of −18°C to +10°C, the partially saturated specimens with water were subjected to more 
significant deformations (contractions and expansions) in comparison with specimens 
saturated with brine. Compaction effort and compaction method can influence the air void 
distribution in the mix that influences the moisture damage which is one of the critical damages 
occurred during freeze-thaw cycles (Arambula, Masad, & Martin, 2007; Masad & Somadevan, 
2002; Tashman, Masad, D’Angelo, Bukowski, & Harman, 2002). Badeli et al. (2016) 
investigated the damage evolution created during rapid freeze-thaw cycles of partially 
saturated specimens with different level of compactions. The results revealed that the level of 
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compaction affects the complex modulus value, and rapid freeze-thaw cycles decrease the 
value of the complex modulus. 
 
The harsh climate and extreme temperature variations in Québec region (Canada) have a 
significant effect on the performance of asphalt pavements. The province of Quebec receives 
an average rainfall of about 1200 mm per year with 159 wet days (http://www.climat-
quebec.qc.ca/). The Figure 4.1 is collected data by the Ministry of Transportation of Quebec 
(MTQ) which illustrates the daily asphalt temperature history for Trois Rivere, Route 155 road 
in the south part of Quebec from the first of November 2014 to the first of May 2015. It can be 
seen that asphalt temperatures are higher than the air temperatures, although they both behaved 
same. Daily freeze-thaw cycles can be defined as a number of days in a year when the minimum 
asphalt temperature goes below 0 degrees Celsius and maximum asphalt temperature is greater 
than 0 degrees Celsius. The daily number of freeze-thaw cycles in some areas in the USA and 
Canada is also available in the LTPP database (LTPP 2016) (Figure 4.2). Although LTPP data 
for freeze-thaw cycles is based on air temperature, with considering the MTQ results, it can be 
stated that there is a possibility to have even more than 60 numbers of daily freeze-thaw cycles 
in asphalt pavements in the south part of Quebec each year. These daily temperature 
fluctuations in combination with the expansion and contraction of moisture inside the voids of 
asphalt pavement create different types of stress. These stresses can raise the potential to create 
premature deterioration and can influence the total fatigue damage to asphalt pavements.  
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Figure 4.1 Daily temperature history of the Trois Rivere:  
Route 155 in Quebec from 1 October 2014 to 1 May 2015 
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Figure 4.2 Daily number of freeze-thaw cycles in each year from  
1981 to 2013, location: Autoroute Félix-Leclerc, section 89-A310 
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At present, the impact of regional freeze-thaw cycles on bottom-up fatigue cracking has not 
been considered in Mechanistic-Empirical Pavement Design Method (like PavementME) or 
other design methods in cold regions. On the other hand, there is a lack of studies on the fatigue 
characteristics of asphalt mixture after repeated freeze-thaw cycles in the literature. This results 
in differences between pavement life design and actual pavement’s life. The current model of 
pavement design in cold regions is based on the cumulative fatigue damage for each season 
without considering the effect of daily freeze-thaw cycles during the late fall and early spring 
periods (Guy Doré & Zubeck, 2009). Since asphalt fatigue cracking is considered a common 
phenomenon in Quebec and other regions in Canada (Lamothe et al., 2015), and based on 
climate data from the LTPP and MTQ, it was decided to analyze the impact of large numbers 
of freeze-thaw cycles on fatigue characteristics of an asphalt mix. Hence, in this study, thermo-
mechanical analyses (complex modulus and fatigue tests) have been conducted to compare the 
stiffness variation and fatigue life of an asphalt mixture before and after rapid freeze-thaw 
cycles. The results provide some guidelines to improve the design of asphalt mixtures in cold 
regions. 
 
4.3 Experimental Consideration  
This section describes sample preparation, and the procedures of the freeze-thaw conditioning 
in detail, including the moisture conditioning, sample preparation before putting the specimens 
in the chamber and temperature programming for rapid freeze-thaw cycles. Mix design tests 
were conducted according to the LC method of mix design. LC Method of Mix Design presents 
the mix design method that was developed by the pavement laboratory (Laboratoire des 
Chaussées) at the ministry of transportation of Quebec (MTQ). This method is based on the 
Superpave model and the Laboratoire central des ponts et chaussées de France (LCPC) model. 
 
4.3.1 Test Materials 
One type of binder was used in this study with a Superpave™ Performance Grade of PG 64-
28 asphalt binder. Asphalt layer systems in pavement structures are usually composed of 2 or 
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3 different layers with different thicknesses: wearing course, binder course and base course. 
Asphalt mixture with a nominal maximum aggregate size of 20 mm, called ‘‘Grave Bitume’’ 
(GB20) which is normally used as a base course in Quebec, was used in this study. Asphalt 
base layer is the layer that has to resist to fatigue. The base layer does play a major role in 
bottom-up fatigue cracking resistance. The mix was designed at 6 percent target of air voids to 
be close to the actual field compaction (Terrel & Al-Swailmi, 1992). The various proportions 
of each aggregate and characteristics of the reference mix are presented in Table 4.1. 
 
Table 4.1 Asphalt mixture composition and volumetric characteristics 
 
Aggregate gradation 
Sieve No. GB20, Passing (%) 
Requirements Used 
28 mm 100 100 
20 mm 95-100 98 
14 mm 67-90 85 
10 mm 52-75 70 
5 mm 35-50 41 
2.5 mm - 24 
1.2 mm - 16 
0.63 mm - 12 
0.315 mm - 8.0 
0.160 mm - 7.0 
0.08 mm 4.0-8.0 5.5 
Filler - 0.4 
Volumetric Characteristics of the mix 
Gmm1 2.552 
Gsb2 2.714 
Vba3 (%) 0.952 
Vbe4 (%) 10.202 
b5 (%) 4.504 
1  maximum theoretical gravity  
2  bulk specific gravity 
3  volume of binder absorbed  
4  volume of effective binder  
5  binder content  
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4.3.2 Specimen Preparation  
After mix design tests and analysis, four slabs of 500×1800×100 mm3 (two for reference mix 
and two for conditioned mix) were compacted with the French laboratory slab compactor (Fig. 
3) according to Quebec Standard LC 26-400 (Ministry of Transportation of Quebec, MTQ 
standard). The percentage of air void in the mix used on the site is usually fixed After mix 
design tests and analysis, four slabs of 500×1800×100 mm3 (two for reference mix and two 
for conditioned mix) were compacted with the French laboratory slab compactor (Figure 4.3) 
according to Quebec Standard LC 26-400 (Ministry of Transportation of Quebec, MTQ 
standard). The percentage of air void in the mix used on the site is usually fixed between 4 to 
8 percent. In this research, the slabs were designed to a targeted air void level of 7%. 
Cylindrical specimens were cored in the direction of the compaction of the slabs after a 2 week 
rest period at room temperature and then trimmed to a height of 150 mm and the diameter of 
74 mm. 
 
 
 
Figure 4.3 French laboratory slab compactor LPC 
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Before putting instrumentation in place, each sample was weighed to determine its bulk 
specific gravity (Gmb). After, with Gmb and maximum theoretical specific gravity (Gmm) 
values, the level of air voids (Pa) was calculated. The actual level of air voids (Va) is calculated 
according to LC 26-320 (Ministry of Transportation of Quebec, MTQ standard). The saturated 
surface dry (SSD) technique is the one most commonly used. The bulk specific gravity can be 
measured by calculating the mass of the specimen in its dry condition, when it is submerged 
in a water tank, and when it is in its SSD condition.  
 
Measured percentage of air voids are calculated with Equation (4.1): 
 ࡼࢇ = (૚ − ቀࡳ࢓࢈ࡳ࢓࢓ቁ) × ૚૙૙      (4.1) 
Subsequently, the slow setting epoxy adhesive was applied to glue the aluminum caps in top 
and bottom ends of the specimen.  
 
4.3.3 Freeze-Thaw Conditioning  
This section describes samples saturation and preparation and the procedure used in freeze-
thaw conditioning. 
 
4.3.3.1 Moisture Conditioning Procedure  
There is no practical and reliable moisture test to predict the field moisture performance for 
asphalt mixture in the laboratory. The reason is that the current saturation processes and 
specimen conditioning methods cannot represent the field conditions, resulting in an 
underestimation of the effect of moisture for some mixes. Air voids distribution and 
percentage, as well as the vacuum pressure for achieving moisture saturations, are two main 
parameters which have significant impacts on moisture testing results (Yi, Shen, Wang, Feng, 
& Huang, 2016). Saturation process was conducted to introduce liquid the voids from the test 
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standard specified by LC method for moisture resistance measurements (Ministry of 
Transportation of Quebec, MTQ standard). Mixtures with more connected voids could easily 
reach 70 % to 80 % saturation level without severe vacuum pressure conditioning. However, 
mixtures which have a low percentage of connected air voids are not easy to reach the desired 
saturation level without being pre-damaged (Kringos, Azari, & Scarpas, 2009). To solve this 
problem, a constant low pressure of vacuum is required to reach a certain percentage of 
saturation in the specimen, without creating micro-damage (Yi et al., 2016). 
 
In this research, specimens were divided into 2 different groups. The first group of specimens 
was kept the air dry (D) as controlled reference specimens (Figure 4.4 (a)). The second group 
was conditioned through vacuum saturation (Figure 4.4 (b)). For the saturation process, two 
steps were considered. First, the specimens were placed in a container with a water level at a 
minimum of 25 mm above the container bottom. Then, the desiccator was filled with deaerated 
water for 30 min, always under vacuum (Pressure (P) was kept below or equal to 4 KPa or 30 
mm- Hg). This conditioning represents field performance for up to four years (Bagampadde, 
Isacsson, & Kiggundu, 2004). The sample was kept under submersion which is believed to be 
exactly 30 minutes. Then the degree of saturation was determined. Specimens with more than 
80 percent degree of saturation were not used in this study because it was believed that they 
were damaged during the saturation process. Figure 4.5 indicates the equipment that has been 
used for this step. 
 
92 
 
  
(a) (b) 
 
Figure 4.4 Specimens prepared for freeze-thaw cycle and  
thermo-mechanical test: (a) Reference sample; (b) Specimen covered  
by Latex membrane to avoid water evaporation during handling and  
freeze-thaw cycles 
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Figure 4.5 Saturation process equipment in the laboratory of LCMB 
 
The degree of saturation is defined by using Eq. (2): 
 ܦܵ = 100 × ܬ
ᇱ
௔ܸ
 
(4.2) 
Jʹ can be determined from Eq. (3); 
 ܬʹ = ܤʹ− ܣ   (4.3) 
௔ܸ can be determined from Eq. (4). 
 ௔ܸ = 	 ௉ೌ ாଵ଴଴     (4.4) 
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4.3.3.2 Preparation of the Specimens for the Freezing and Thawing  
Table 4.2 gives the degree of saturation and the air void’s percentage for each specimen. At 
the end of the saturation process, the specimens were wrapped in a latex membrane, and the 
waterproofed tape was placed around the sample to prevent water loss during the freeze-thaw 
cycles (Figure 4.4 (b)). Specimens were conditioned to near 80% degree of saturation as 
described previously. 
 
Table 4.2 The degree of saturation and the percentage of voids  
before and after the saturation process for the test specimens 
 
Group specimen Percentage of voids 
Percentage of 
saturation 
Percentage of 
voids after 
saturation 
Reference S1R1 6.8% 0% 0% 
 S1R2 6.7% 0% 0% 
 S1R3 6.9% 0% 0% 
 S1R4 6.6% 0% 0% 
Freeze-thaw conditioned 
(complex modulus) S2CM150 6.8% 79% 7.0% 
 S2CM300 6.9% 79% 6.9% 
Freeze-thaw conditioned 
(fatigue) S2FT1 6.8% 79% 7.0% 
 S2FT2 6.9% 80% 7.2% 
 S2FT3 6.6% 79% 6.9% 
 S2FT4 6.8% 79% 7.2% 
 
4.3.3.3 Temperature Cycles used for Freeze-Thaw Cycles 
There is no standard method to assess the daily rapid freeze-thaw cycles of the asphalt mixture. 
After the saturation process, each conditioned samples were submitted to 150 and 300 freeze-
thaw cycles as set forth in ASTM C-666.92, "Standard Test Method for Resistance of Concrete 
to Rapid Freezing and Thawing". The cooling and heating rate used was 4.5 °C/min. For each 
freeze-thaw cycle, two different temperature levels were targeted, which is -18 and 6 °C. The 
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temperature remained constant for a period of 1.5 hours at each level of temperature. No 
specimen was oven dried before or after the rapid freeze-thaw testing since it might affect the 
viscoelastic characteristics of asphalt mix.  
 
Figure 4.6 indicates that there is a difference between the temperature sensor placed in the 
center of the sample and the temperature sensor placed on the surface of the sample. This 
behavior was quite expected and is due to the rapid rate of the heating and cooling cycles. This 
non-homogeneity of the temperature during rapid heating-cooling cycles may increase the 
potential for thermal cyclic damage since there is a different level of contraction and expansion 
in the mix. 
 
 
 
Figure 4.6 Temperature history detected by sensors during a temperature  
cycling: on the surface of the specimen, inside the specimen, and  
the cabinet temperature 
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4.4 Thermo-Mechanical Tests 
The equipment, procedure, and the result and discussion of each test are explained in this 
section. 
 
4.4.1 Test Equipment 
The thermo-mechanical tests were performed by using a servo-hydraulic press (MTS 810, 
TestStar II), with an electronic monitoring system. An environmental cabinet was used for 
thermal conditioning (heating and cooling) of the specimens (Figure 4.7).  
 
 
 
Figure 4.7 MTS Measurement System and environmental chamber 
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The direct tension-compression test on cylindrical specimens of 150 mm in height and 75 mm 
in diameter was adopted which is based on MTQ standard. One of the advantages of the 
tension-compression test is that the stresses and strains are measured directly from the 
measurements of the force and displacement of the boundary (Perraton et al., 2015). The 
amplitude of strain was measured with three sensitive extensometers installed around the 
specimen at an angle of 120° from one another (Figure 4.8). The temperature was monitored 
during the test by using three surface temperature probes (PT100) to control the temperature 
and detect any variations in temperature during testing. A stabilization time period (6 hours) 
was considered when the temperature was changed. This rest period ensures a homogeneous 
temperature inside and outside the specimen (Tapsoba et al., 2014). 
 
 
 
Figure 4.8 Specimen preparations for the thermo-mechanical tests 
 
4.4.2 Test Procedures 
4.4.2.1 Complex Modulus Test 
In this project, complex modulus tests were performed before and after conducting the rapid 
freeze-thaw cycles. The MTQ determines the complex modulus of asphalt mixes in accordance 
Extensometer to monitor the 
deformation 
Aluminum caps   
Temperature probe 
Cylindrical specimen 
75×150 mm 
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with test method LC 26-700 "Determining the complex modulus of asphalt mixes". The 
complex modulus (E*) in this test defines the relationship between stress and strain under a 
continuous sinusoidal loading. Complex modulus is identified by the norm of the modulus that 
explains the material’s stiffness, and is characterized by the dynamic modulus |E*| (Equation 
(4.5)): 
 |ࡱ∗| = ࣌૙ࢿ૙    (4.5) 
The Phase angle (φ) is described as a phase lag of the strain behind the stress under the 
sinusoidal cyclic solicitation. The phase angle is 0° for purely elastic material, and 90° for a 
purely viscous material. The ratio of the amplitude of the sinusoidal stress of pulsation (ω) 
applied to the material	ߪ = ߪ଴ ݏ݅݊(߱ݐ) and the amplitude of the sinusoidal strain ߝ௧ =
ߝ଴ ݏ݅݊(߱ݐ − ߮) that result in a steady state (Equation (4.6)) (Di Benedetto et al. 2004b). 
 ࡱ∗ = ࣌ࢿ =
࣌૙ࢋ࢏࣓࢚
ࢿ૙ࢋ࢏(࣓࢚ష࣐)     
(4.6) 
An MTS press was used over a range of various temperatures (−35°C, −25°C, −15°C, −5°C, 
+5°C, +15°C, +25°C and +35°C) and frequencies (10, 3, 1, 0.3, 0.1, and 0.03 Hz). The target 
applied strain was fixed at 50 μ-strain to ensure that the measurement was maintained within 
the linear viscoelastic domain (Herve Di Benedetto, Olard, Sauzéat, & Delaporte, 2004).  
 
4.4.2.2 Fatigue Test 
Fatigue phenomenon is occurring under the repetition of loading due to the traffic, especially 
heavy vehicles. The accumulated damage due to a large number of the repetitions results in 
stiffness reduction of the materials and leads to failure. The asphalt pavement life is directly 
affected by this phenomenon, which needs to be correctly considered in order to calculate 
precise asphalt pavement structural design. 
 
Fatigue test procedure has been developed in DGCB (Département de Génie Civil et Bâtiment) 
at the ENTPE (École Nationale de Travaux Publics de l’État, (Lyon, France)). The test was 
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conducted in laboratory based on the variation of the complex modulus (stiffness) under cyclic 
solicitation of strain homogeneous test. Mid-value of strain was monitored during the fatigue 
test to make sure that it remains null. Fatigue tests were performed under the frequency of 10 
Hz and the temperature of 10°C conditions. Evolution of the stiffness modulus was controlled 
by monitoring the axial strain during the test. Wöhler’s curve was plotted at the end of the 
fatigue test analysis. It is based on the evolution of fatigue life at different levels of strain 
amplitude. 
 
4.5 Results and Discussions 
4.5.1 Complex Modulus Test Results 
Equation (4.7) was used in order to analyze the results of complex modulus with the 2S2P1D 
rheological model which was expressed by (Olard et al., 2003). 
ܧ∗(݅߱ɷ߬) 		= 		 ܧ଴ 	+		
ܧ଴଴ 	−		ܧ଴
1		 + 	ߜ(݅ɷ߬)ି௞ 			+ 	 	(݅ɷ߬)ି௛ 		+ 		 (݅ɷߚ߬)ିଵ 
(4.7) 
The changing of τ by temperature can be explained by means of a shift factor if the time–
temperature superposition principle holds: 
 	τ(T) = 		 ்ܽ(ܶ) × ߬଴    (4.8) 
Seven criterion (E00, E0, δ, k, h, β and τ 0E) are needed to fully analyze the linear viscoelastic 
characteristics of the tested specimens at a given temperature and frequency. The progressions 
of ா were determined by the William-Landel-Ferry (WLF) model (Ferry 1980). ߬଴ா was 
quantified at the selected reference temperature Tref. When the temperature effect is 
determined, the number of criterion becomes nine, including the two WLF criteria (C1 and C2 
determined at the reference temperature). 
 ࢒࢕ࢍ	(ࢇࢀ) 		= 		 ି	࡯૚	(ࢀ	ି	ࢀ࢙)࡯૛		ା		(ࢀ	ି	ࢀ࢙)    
(4.9) 
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The 2S2P1D modeling parameters in this study are presented in Table 4.3. The k, h, δ 
parameters are related to the binder rheology (Olard et al. 2003, Di Benedetto et al. 2004b) 
which are almost same for the three groups. Regarding the other parameters, E00 is the glassy 
modulus (E when ω→∞), and E0 is the static modulus (E when ω →0), which is related to the 
void content and aggregate skeleton. The results will fit on a single curve for each test in the 
Black space, and in the Cole–Cole plane. 
 
Table 4.3 Parameters of the introduced 2S2P1D model for the corresponding mixes 
 
Specimen Va (%) E0 
(MPa) 
E00 (MPa) k h δ τE (s) 
S1R1 (Reference) 6.8 30 40000 0.18 0.55 2.60 0.007 
S2CM150 (150 F-T) 6.8 16 40000 0.16 0.55 2.60 0.007 
S2CM300 (300 F-T) 6.8 10 33000 0.19 0.60 2.65 0.007 
 
Figure 4.9 shows the experimental test results in the Cole-Cole plane with the 2S2P1D model. 
A Cole-Cole plane is achieved by plotting the loss modulus versus the storage modulus. The 
storage modulus is plotted on the real axis (x-axis), and the loss modulus is plotted on the 
imaginary axis (y-axis). Therefore, the plotted modulus should form a single curve without 
considering the frequency or temperature (Pellinen, 2002). First of all, the results in Cole-Cole 
diagram express significant differences before and after the effect of 300 freeze-thaw cycles, 
while the diagram does not show significant differences between the reference and after 150 
freeze-thaw cycles. 
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Figure 4.9 Complex modulus results in Cole-Cole diagram 
 
Figure 4.10 shows the complex modulus results in Black Curve diagram. It can be seen that 
the phase angle reduces in Black curve diagram after reaching a maximum value. The 
maximum value of the phase angle represents the viscosity of the bitumen at high temperature 
and depends mostly on the type of the bitumen. In this study, this difference of the maximum 
value before and after freeze-thaw cycles can be explained as the stripping failure due to the 
loss of the cohesion within the binder as already mentioned in the literature (Williams and 
Miknis, 1998; Copeland et al., 2006; Caro et al., 2008). 
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Figure 4.10 Complex modulus results in Black Curve diagram 
 
The results can also be shown on a master curve. To that end, each isothermal curve can be 
shifted in frequency in order to obtain a single master curve at a reference temperature. Figure 
4.11 shows the master curves (complex modulus norm) for the third tested group. As it is 
indicated in the graph, the top part of the master curve (at high frequencies, low temperature) 
is equal for all of the reference and conditioned mix after 150 freeze-thaw cycles. This means 
that the maximum stiffness value of the mix was not changed after the 150 freeze-thaw cycles, 
while the bottom part of the master curves (at low frequencies, high temperatures) which is 
associated with the minimum asphalt mixture stiffness value has been changed after the 150 
freeze-thaw cycles. The reductions of complex modulus at high and low temperatures are more 
tangible after the 300 F-T cycle and indicate that the mixture behavior is more sensitive to a 
high number of rapid freeze-thaw cycles. 
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Figure 4.11 Complex modulus results in Master Curve 
 
In order to objectively compare the results for low and high level of freeze-thaw cycles, the 
condition effect coefficient (C*CEC) was calculated (Di Benedetto et al., 2004). It is defined 
as a ratio between the complex modulus of the conditioned mix after a number of freeze-thaw 
cycles E* FT, and the complex modulus of a reference mix E* Ref, at the same frequency. 
Figure 4.12 compares the C*CEC of 150 and 300 freeze-thaw cycles. 
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Figure 4.12 Comparison of the effect of 150 rapid F-T cycles and 300 rapid F-T cycles  
on the stiffness behavior of the mix 
 
It can be observed that the effect of freeze-thaw conditions on the stiffness behavior of the mix 
is higher with increasing the number of cycles from 150 to 300 for low and high frequencies. 
The 150 freeze-thaw cycles change the norm of complex modulus at high temperature (low 
frequency), while the difference of stiffness is negligible at low temperature (high frequency) 
after 150 F-T cycles. However, stiffness behavior changes with the high value of C*CEC at 
high temperatures and low value of C*CEC at low temperatures after 300 freeze-thaw cycles. 
 
In general, the results from the Cole-Cole, Black curve, and master curve diagrams do not 
follow the unique curve before and after the conditioning. Based on the mechanism of the 
freeze-thaw cycles explained in the literature, the ice expansion load could change the 
composition of voids and the interior micro-damage might be accumulated during rapid freeze-
thaw cycles. The damage from the accumulation of ice expansion load will deteriorate the 
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asphalt-aggregate bond and allows water to be displaced with the mastic and increase the 
stripping of aggregates (Si et al., 2014). The stripping is due to the loss of adhesion at the 
cement-aggregate interfaces and in part by the failure of the cohesion within the binder 
(Williams and Miknis 1998, Copeland et al. 2006, Caro et al. 2008). 
 
4.5.2 Fatigue Test Results 
In this research, fatigue tests were carried out having four different levels of strain amplitude 
for the reference and conditioned mixes (see Table 4.4). The value of the modulus at the 
beginning of the test was denoted |E0*| which represents the extrapolated value at cycle 1 by 
assuming the linear characteristics of complex modulus from cycles 2 to 50. Table 4.4 
demonstrates the information about the samples, the applied axial strain amplitudes, and the 
|E0*| values for different specimens. The difference of the initial modulus between the 
reference and conditioned samples specifies the reduction in |E0*| value after rapid freeze-thaw 
cycles which confirm the complex modulus test results. 
 
Table 4.4 Fatigue testing samples characteristics and information 
 
Group Specimen Percentage 
of voids 
Percentage 
of 
saturation 
Average axial 
strain 
amplitude 
(μm/m) 
Initial modulus, |E0*| (Mpa) 
Value Average Standard 
deviation 
Reference 
S1R1 6.8% 0% 71 12563 1073.5 1453.2 
S1R2 6.7% 0% 99 10854 
S1R3 6.9% 0% 66 10500 
S1R4 6.6% 0% 84 9025 
Conditioned 
(After 300 
rapid 
freeze-thaw 
cycles) 
S2FT1 6.8% 79% 97 7041 7524 389.9 
S2FT2 6.9% 80% 74 7400 
S2FT3 6.6% 79% 62 7720 
S2FT4 6.8% 79% 113 7935 
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4.5.2.1 Fatigue Results Example 
The evolution of the stiffness in terms of the number of cycles is mainly used to verify the 
validity of the test and to determine the apparition of cracks in the specimen (Baaj, Di 
Benedetto, & Chaverot, 2005). The evaluation of the stiffness is usually divided into three 
phases during a fatigue test (Baaj et al., 2005). In the first step, stiffness decrease rapidly which 
cannot be explained only by fatigue. Heating, as well as thixotropy, has an important role in 
this step. Phase II is characterized by a quasi-linear decrease of stiffness which is characterized 
by the initiation of microcracks inside the mix. During the phase III, from the coalescence of 
microcracks, a macro-crack appears and propagate within the materials (Tapsoba et al. 2013). 
 
Figure 4.13 shows the complex modulus evolution for the reference S1R1 sample and the 
conditioned S2FT3 specimen. The complex modulus decreases quickly for both specimens at 
the beginning of the test which can be considered as phase I. During phase II, the complex 
modulus uniformly decreased for the reference specimen, while the conditioned specimen has 
a non-uniform gradient. The phase III or end of the test is characterized by a rapid decrease of 
measured values for the reference and slight decrease for the conditioned sample. The 
difference in behavior of the stiffness evolution curve for the reference and conditioned 
specimens could result from the presence of water inside the pore structures of the conditioned 
specimen.  
 
 
 
107 
 
 
Figure 4.13 Example of the evolution of the complex modulus with time  
for the S1R1 reference sample and S2FT3 conditioned sample at 70 μdef 
 
4.5.2.2 Fatigue failure criteria 
A fatigue failure criterion is considered acceptable if it can precisely recognize the transition 
location of the phase change from II to III in the evolution of the stiffness during fatigue testing 
(Perraton et al. 2015). In our experimental program, four criteria were used: Nf50%, NfΔεax, 
NfΔφ and Nfφmax. Nf50% is a classical fatigue criterion based on modulus decrease which 
corresponds to a decrease of 50% reduction of the initial stiffness of the specimen (Di 
Benedetto et al., 2004; Perraton et al., 2015). NfΔεax is based on the reading of the amplitude 
of strain for each extensometer. A difference of more than 25% of the extensometers reading 
can be considered as increasing heterogeneity within the specimen. NfΔφ is a difference of 
more than 5° of the extensometer phase angle reading with the mean value. The corresponding 
number of cycles is associated with failure. Finally, Nfφmax is based on the evolution of the 
phase angle; maximum value of the phase angle is associated with the transition of phase II/III. 
Tapsoba et al. (2013) have compared these criteria together, and they concluded that all criteria 
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used to give almost the same results. Furthermore, they revealed that Nfφmax and NfΔεax are 
closer and can strongly show the phase change of II to III threshold. 
 
Table 4.5 summarizes the fatigue life for all specimens tested. With those test results, it was 
decided to define NfII/III criterion along with Nf50% criterion for further analysis. NfII/III is 
associated with the transition between phases II as well as phases III and it is based on the 
average value of the NfΔεax, NfΔφ and Nfφmax.  
 
 
Table 4.5 Experimental test results: summary of the Nf for tested samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Group Specimen Deformation (μdef) Nf50% NfΔεax NfΔφ Nfφmax NfII/III 
Reference S1R1 71 1,304,196 2,320,762 2,401,068 2,300,816 2,340,882 
S1R2 99 1,129,038 934,396 1,213,946 1,043,658 1,064,000 
S1R3 66 5,381,624 4,855,565 4,527,469 4,763,199 4,715,411 
S1R4 84 4,558,950 2,511,005 2,425,127 2,563,868 2,500,000 
Conditioned 
(After 300 
rapid freeze-
thaw cycles) 
S2FT1 97 179,460 99720 129323 - 114,521 
S2FT2 74 845,929 813316 833388 845929 830,878 
S2FT3 62 2,110,893 1564927 2090861 1559919 1,738,569 
S2FT4 113 160,000 126997 144553 159601 143,717 
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4.5.2.3 Analysis of fatigue life 
Fatigue test results are usually expressed as the graphical presentation which is usually given 
by the fatigue curve or so-called Wöhler curve (Baaj et al., 2005; Perraton et al., 2015). Wöhler 
curve represents the log number of cycles at failure (fatigue life) versus the amplitude of the 
applied strain in logarithmic axes. In these axes, Wöhler curves for asphalt mixes are classically 
straight lines. They are represented by Equation (4.10). 
 ௙ܰ = ܭଵɛି௄మ  (4.10) 
Considering the failure at 1 million cycles, then the Equation (4.9) becomes Equation (4.11): 
 ݂ܰ
10଺ =
ߝ
ɛ଺
ି஼ଶ
 (4.11) 
Figure 4.14 and Figure 4.15 indicate the Nf50%’s Wöhler curve and NfII/II’s Wöhler curve 
respectively for the reference and conditioned samples. They represent the number of cycles 
of failure versus the amplitude of the applied strain in logarithmic axes. Table 4.6 summarizes 
the fatigue parameters for Nf50% and NfII/II. Based on the fatigue test results analyzed by using 
Nf50% and NfII/II Criteria, the following outcome is considered: 
E0 decreased substantially after freeze-thaw cycles which confirm the results of the complex 
modus test.  
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Figure 4.14 Wöhler curve Nf50% for the reference and conditioned specimens 
 
 
 
Figure 4.15 Wöhler curve NfII/III for the reference and conditioned specimens 
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Table 4.6 Fatigue parameters for different criteria 
 
Criteria Parameters for the reference mix Parameters for the conditioned mix 
K1 K2 R2 ε6 K1 K2 R2 ε6 
Nf50% 8.51E-03 2.07 0.27 91.65 1.27E-13 4.56 0.96 73.38 
NfII/III 1.19E-05 2.76 0.86 103.63 3.81E-15 4.90 0.90 70.17 
 
Regarding fatigue test results, the NfII/III failure criterion seems to be more accurate than Nf50% 
criterion because it can precisely recognize the transition location of the phase change from II 
to III by calculating the average of the value of Nf from three different criteria.  
R² values are closer to one for Nf II/III criterion. This explains that the regression line perfectly 
fits the data and it proves that the regression model based on Nf II/III criterion is more accurate 
than the model based on Nf50%. 
 
The slope of the curve is steeper for conditioned mix and is more tangible for Nf50% criteria. 
This means that the conditioned mix has lower fatigue life at high strain amplitude (heavy truck 
loads). At low strain amplitude, the number of cycles obtained with the criteria for both 
reference and conditioned samples is closer. 
 
ε6 value is much greater for the reference mix. This value corresponds to the strain amplitude 
for a failure at 1,000,000 cycles. The Nf50% criterion gives a lower value of ε6 than the NfII/III criterion 
for the reference mix. 
 
Figure 4.16 shows the comparison of a parameter of ε6 for the reference samples and after the 
environmental freeze-thaw cycles. The percentage of reduction of the ε6 after 300 rapid freeze-
thaw cycles is 19.93% for Nf50% and 32.29% for Nf II/III criteria respectively. 
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Figure 4.16 Comparison of parameter of ε6 for the reference samples and  
after the environmental freeze-thaw cycles 
 
4.5.2.3 Damage at failure 
In asphalt mixture fatigue testing, it is possible to calculate the damage of the sample during 
testing. The method to calculate damage at failure developed in the DGCB laboratory of 
ENTPE (Baaj et al., 2005; Di Benedetto et al., 2004; Soltani, 1998). It is done by comparing 
the stiffness modulus at a given number of cycles with the initial stiffness modulus. The 
damage at failure is calculated with the Equation (4.12).  
 ܦூூூ = (ܧ଴ − ܧூூூ)/ܧ଴ (4.12) 
Researchers have shown that the damage value DIII associated with the transition of phase II/III 
is a function of the strain amplitude. Figure 4.17 illustrates the damage values at failure for the 
reference and conditioned mixes are different by having the different R² values. The damage 
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at failure decreased substantially after the freeze-thaw cycles. It means that the failure for the 
conditioned samples is not only caused by fatigue test effects. 
 
 
 
Figure 4.17 Damage at failure analysis for the reference and conditioned  
specimens 
 
4.5.2.4 Modified damage at the end of phase II 
The modified DGCB procedure is used to evaluate the damage at the end of phase II taking 
into account the biasing effect occurring mainly during the phase I. The evolution of complex 
modulus was assumed as linear with a number of applied cycles within three intervals 
including, I) i=0, from 40’000 to 80’000 cycles; II) i=1, from 50’000 to 150’000 cycles; and 
III) i=2 from 150’000 to 300’000 cycles. 
 
The modified damage at failure is calculated by Equation 4.13 (Tapsoba et al., 2013): 
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ࡰࡵࡵࡵࢉ = ࡰࡵࡵࡵ − ࡯࢏ × (ࡱ૙ − ࡱ૙૙࢏)/ࡱ૙ (4.13) 
Figure 4.18 gives raw damage (D_III) and corrected damage (D_IIIc) according to the level of 
deformation amplitude before and after freeze-thaw cycles. Biasing effects develop to the level 
of deformation, which is rational since the source of biasing effect depends on the value of 
dissipated viscous energy (Tapsoba et al., 2013).  
 
 
 
Figure 4.18 Damage values of the transition between phases II and III: DIIIc is  
the correction from artifact effect 
 
DIIIc is equal to 22.64% with a standard deviation of 1.41 for the reference mix, and DIIIc is 
equal to 13.73% with a standard deviation of 4.43 for the conditioned mix. The damage 
reduction for the conditioned mix can be considered as deterioration of samples during freeze-
thaw cycles. The reduction in fatigue damage for the conditioned mix is due to the stiffness 
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reduction after freeze-thaw cycles. This can be considered as the initiation of microcracks 
during freeze-thaw cycles. 
 
4.6 Test repetitions 
Different replicates were used for fatigue analysis, and non-destructive complex modulus tests 
were repeated on given specimens. 
 
4.6.1 Complex modulus test  
Three specimens have been considered for each group (reference, 150 freeze-thaws (F-T), and 
300 F-T). Since the complex modulus test is the nondestructive test, it is possible to check the 
same specimen again. The amplitude of the modulus and the phase angles are compared for 
each frequency and temperature, if the results have less than 10% differences, the tests are 
considered good. Otherwise, we take the second specimen and repeat the test. The average 
results of the repetitions are calculated from the measurement data for every frequency and 
temperature.  
 
4.6.2 Fatigue test 
Three specimens have been prepared for every level of strain amplitude (24 specimens in total). 
The first two specimens were tested. Check the ratio, if the ratio is one or close to one, the tests 
are considered good. Otherwise, we take the third specimen and repeat the test. Table 4.7 shows 
the ratios of Nf50% and NfII/III values obtained from the first specimens to the Nf50% and NfII/III 
values obtained from the replicate specimens.  
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Table 4.7 Ratios of Nf50% and NfII/III values obtained from the first specimens to  
the Nf50% and NfII/III values obtained from the replicate specimens 
 
Group Specime
n 
Percentag
e of voids 
Percentag
e of 
saturation 
Averag
e axial 
strain 
(μm/m) 
Nf50% NfII/III Repetitio
n or 
original 
Ratio (Nf50% 
Repetition/Origina
l) 
Ratio (NfII/III 
Repetition/Origina
l) 
Reference S1R1 6.8% 0% 
71 1,304,196 
2,340,88
2 Original 
1.02 1.00 
Reference S1R1 R* 6.8% 0% 
70 1,334,126 
2,344,45
0 Repetition 
  
Reference S1R2 6.7% 0% 
99 1,129,038 
1,064,00
0 Original 
1.09 0.88 
Reference S1R2 R* 6.7% 0% 
103 1,118,140 940,980 Repetition 
  
Reference S1R3 6.9% 0% 
66 5,381,624 
4,715,41
1 Original 
1.00 1.00 
Reference S1R3R* 6.9 % 0% 
64 5,382,412 
4,721,47
5 Repetition 
  
Reference S1R4 6.6 % 0% 
84 4,558,950 
2,500,00
0 Original 
1.00 1.00 
Reference S1R4R* 6.6 % 0% 
84 4,560,852 
2,522,10
4 Repetition 
  
Conditione
d (after 
300 freeze-
thaw 
cycles) 
S2FT1 6.8 % 79% 
97 179,460 114,521 Original 
1.06 1.14 
Conditione
d 
S2FT1 
R* 
6.8% 77% 
95 190,002 130,257 Repetition 
  
Conditione
d 
S2FT2 6.9% 80% 
74 845,929 830,878 Original 
0.97 1.00 
Conditione
d 
S2FT2  
R* 
6.9% 80% 
72 834,920 829,145 Repetition 
  
Conditione
d 
S2FT3 6.6% 79% 
62 2,110,893 
1,738,56
9 Original 
1.13 1.11 
Conditione
d 
S2FT3 
R* 
6.6% 75% 
60 2,375,100 
1,921,69
0 Repetition 
  
Conditione
d 
S2FT4 6.8% 79% 
113 160,000 143,717 Original 
0.88 0.90 
Conditione
d 
S2FT4 
R* 
6.8% 80% 
115 141,023 129,346 Repetition 
  
  R* : repeated specimen 
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4.7 Summary and Conclusions 
This paper studied the effect of freeze-thaw cycles on the performance of asphalt mixture. The 
overall results can be listed as below. 
 
Results have shown that the effect of freeze-thaw cycles is important to consider during the 
design life of asphalt pavements. As expected, rapid freeze-thaw cycles affect the stiffness 
behavior of the mix. The effect of freeze-thaw conditions on the stiffness behavior of the mix 
is higher with increasing the number of cycles from 150 to 300 for low and high frequencies.  
 
• The 150 freeze-thaw cycles change the norm of complex modulus at high temperatures 
(low frequencies), while the stiffness does not change at low temperatures after 150 F-T 
cycles. However, stiffness behavior changes with a higher rate at high temperatures and 
the lower rate at low temperatures after 300 freeze-thaw cycles. 
• Regarding fatigue test results, the NfII/III failure criterion seems to be more accurate than 
Nf50% criterion. In this case, the reference mixture has much better performance with respect 
to the resistance to fatigue cracking than after the condition of the environmental freeze-
thaw cycles.  
• Regarding the fatigue damage results, since E0 of the conditioned mix was much lower than 
the reference and because of the results from the complex modulus test which displayed 
the stiffness reduction and changed in viscoelastic behavior after the 300 freeze-thaw 
cycles, it is concluded that the degradation of the conditioned mix started before the fatigue 
test and during freeze-thaw cycles.  
 
It should be noted that further studies are necessary to develop a modified fatigue equation (for 
Quebec region) by considering the relationships between rapid freeze-thaw cycles in laboratory 
and the real ones in field by collecting cores, without considering other factors, such as loading, 
aging, etc. 
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4.8 Notation  
The following symbols are used in this paper: 
A = mass of the dry specimen, gr; 
்ܽ(ܶ) = shift factor at temperature T; 
Bʹ = mass of the saturated, surface dry specimen can be calculated after partial saturation, gr; 
C1 = constant; 
C2 = constant; 
ܦூூூ = damage at failure is calculated; 
ܦூூூ௖ = modified damage at failure; 
E = volume of the specimen, cm3; 
E0 = norm of the initial modulus (stiffness at cycle 1); 
E0 = static modulus when (ω→ 0); 
E00 = glassy modulus when (ω→∞); 
ܧ଴଴௜ = stiffness at cycle 1 measured by linear extrapolation for interval I; 
EIII = norm of the modulus at the transition between phases II and III; 
|E*| = norm of the complex modulus; 
௥݂ = frequency; 
ܩ௠௕ = bulk specific gravity; 
ܩ௠௠ = maximum theoretical specific gravity of the mixture; 
h, k = constant parameters parabolic elements of the model (0 < k < h < 1); 
Jʹ = volume of water absorption, cm3; 
K1 = constant that depend on both material and chosen criterion; 
K2 = constant that depend on both material and chosen criterion; 
Nf50% = classical fatigue criterion; 
NfII/III  = average value of the NfΔεax, NfΔφ and Nfφmax; 
NfΔεax = reading of the amplitude of strain for each extensometer; 
NfΔφ = difference of more than 5° of the extensometer phase angle reading with the mean value; 
Nfφmax = maximum value of the phase angle is associated with the transition of phase II/III; 
Ts = reference temperature (constant); 
Va = actual level of air voids, %; 
σ0 = maximum stress amplitude; 
δ (delta) = constant; 
ε0 = peak recoverable strain amplitude; 
φ = Phase angle; 
ω = stress of pulsation (equal to 2ߨ ௥݂); 
ܦܵ = percentage of the degree of saturation of the specimen; 
݅ = complex number defined by ݅2 = -1; 
η  = newtonian viscosity (	 = (ܧ଴଴ − ܧ଴)	ߚ	߬ when ω→ 0); 
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τ  = characteristic time which depends only on temperature; 
β = dimension constant; 
ε = axial strain amplitude; 
ε6 = axial strain amplitude at 1 million cycles; 
଴ = τ(Tref) at reference temperature Tre. 
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5.1 Abstract 
The main deteriorations of asphalt pavements in cold regions are due to the effect of heavy 
traffics, water action, low-temperature fluctuations, freeze-thaw cycles and the combination of 
all these factors together. Fiber additives are mainly used as reinforcement materials in asphalt 
pavements to improve the tensile properties and increase the strength against low-temperature 
cracking and potholes. Aromatic polyamide fiber (aramid fiber) is used in advanced composite 
materials since it has a very high tensile strength, modulus, and high cohesiveness. Whether 
the addition of Aramid Pulp Fiber (APF) can effectively improve the fatigue life, thermal 
performance, and durability of asphalt mixture under repeated freeze-thaw cycles are also 
major problems needed to be investigated properly. In this regard, thermo-mechanical analyses 
(complex modulus, fatigue, and thermal restrain specimen test (TSRST)) have been conducted 
on the asphalt mix with a nominal maximum aggregate size of 20 mm, known as Grave Bitume 
(GB20) in Quebec, Canada. The improvement effect of APF incorporation is assessed to 
compare the stiffness variation before and after 300 rapid freeze-thaw cycles, fatigue behavior, 
and thermal strength. The results indicate the ability of APF to increase the durability of the 
GB 20 mix against freeze-thaw cycles. The TSRST and fatigue results also show that the APF 
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additives can increase the performance of the GB 20 mix against low temperature cracking and 
heavy truckloads. 
 
Keywords: HMA; Fiber Additives; Kevlar; Aramid Pulp Fiber; Fatigue; TSRST; Complex 
modulus; Freeze-thaw cycles; moisture damage; Durability of an asphalt mixture. 
 
5.2 Introduction 
Hot Mix Asphalt (HMA) is a complex material that consists of asphalt binder, aggregate, and 
air voids, which is used as the first layer in flexible pavements. HMA is a typical viscoelastic 
material that has different behavior during different seasons of a year (Doré & Zubeck, 2009). 
The main deterioration of HMA in cold regions is due to the effect of heavy traffics, water 
action, low-temperature fluctuations, and freeze-thaw cycles. Researchers and engineers are 
trying to improve the performance and durability of HMA and consequently increase the 
service life of flexible pavements considering those deterioration factors.  
 
Premature cracking and potholes are very common problems in Quebec and other regions in 
Canada (Doré, Konrad, & Roy, 1997, 1999; Pascale, Doré, & Prophète, 2004). Canada ranks 
seventh in the world in terms of road network length. More than 90 percent of the paved roads 
in Canada are flexible pavements. More than 50 percent of municipal roads are in fair, poor, 
or very poor conditions (DuPont, 2014). Pavement structures in Canada experience severe 
temperature variations in a year (Doré & Zubeck, 2009). These significant temperature 
variations in combination with the moisture inside the pores result in the development of 
premature deterioration of asphalt pavements (Badeli, Carter, & Doré, 2016, 2018a, 2018b). 
  
Fiber additives are mainly used as reinforcement materials in Portland cement concrete and 
asphalt mixes (Huang & White, 1996; Abtahi, Sheikhzadeh, & Hejazi, 2010). Fibers are added 
to HMA to improve the tensile properties and performance (Abtahi et al., 2010). Fibers are 
added to open-graded-friction-course (OGFC) mixes and stone matrix asphalt (SMA) mixes 
during transportation and laying to prevent draindown and leakage (Chen, Xu, Chen, & Zhang, 
125 
2009). The dynamic modulus, viscoelasticity, moisture susceptibility, and reflective cracking 
would improve with the addition of fibers (Chen et al., 2009; Huang & White, 1996; McDaniel, 
2015; Wu, Ye, Li, & Yue, 2007). It can also enable multifunctional applications, increased 
durability, increase fatigue and rutting performance of asphalt mixes (McDaniel, 2015; Park, 
El-Tawil, Park, & Naaman, 2015; Tanzadeh, Vafaeian, & Yusefzadeh-Fard, 2017; Tapkin, 
2008).  
 
Previous research demonstrated the importance of using Aramid Pulp Fiber (APF) in road 
construction (Badeli, Saliani, & Carter, 2017a, 2017b; McDaniel, 2015; Mirabdolazimi & 
Shafabakhsh, 2017; Mitchell et al., 2010; Park et al., 2015; Saliani et al., 2017). Kevlar® is the 
trademark of a para-aramid synthetic polymer fiber, which can be used in advanced composite 
materials since it has a very high tensile strength, modulus, and high cohesiveness. It was 
introduced in the early 70s by DuPont production. According to NCHRP synthesis 475, aramid 
fiber brings many advantages to asphalt mixes including increase the performance (rutting and 
fatigue), improve the strength and stability (McDaniel, 2015). Kaloush (2010) investigated the 
performance of an asphalt mix with and without using polypropylene and aramid fibers. The 
final results concluded that the reinforced mix had better performance in terms of permanent 
deformation and thermal cracking (Kaloush et al., 2010). Bennert (2012) investigated the 
polyolefin and aramid fibers in the plant produced mixes. Mixes were produced in the same 
batch plant using the same mix design. The control mix was slightly stiffer than the reinforced 
mix at low temperature. On the other hand, phase angle analysis showed that the fiber mix is 
more viscous than the control mix. Beam fatigue test also indicated that both mix had the same 
fatigue resistance (McDaniel, 2015). 
 
A recent study in the laboratory of LCMB at the Ecole de Technologie Superieure conducted 
the indirect tensile strength test (ITS) on APF mixes (Badeli et al., 2017a). It was found that 
the addition of the APF could increase the ductility and tensile strength even at minus 
temperatures (Saliani et al., 2017).  Previous studies demonstrated some advantages of using 
APF in asphalt mixtures such as better rutting resistant and delay in cracking propagation 
(Tanzadeh et al., 2017). The research of the performance of an APF mix under cold region 
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environment conditions such as the freeze-thaw cycles and thermal stress restrained specimens 
(TSRST) are crucial to carrying out. Whether the addition of APF can effectively improve the 
fatigue life; thermal performance, and the durability of asphalt mix under repeated freeze-thaw 
cycles are also major problems needed to be investigated properly.  
 
HMA in pavements is usually divided into three sublayers with different thicknesses into cold 
regions. Base asphaltic layer plays a crucial role in bottom-up fatigue cracking (Badeli et al., 
2018a). This is while, at the bottom of the base layer, the percentage of air voids is higher, 
which is usually due to a poor compaction during road construction, and also the tensile strain 
is higher because of the behavior of flexible pavements in terms of traffic, especially heavy 
vehicles. This can be getting worse during thaw periods when there is a high potential for the 
capillary rise. Water can penetrate through the saturated granular base layer. On the other hand, 
the bearing capacity of underlying granular layers reduces considerably during the thaw 
periods due to insufficient pavement drainage and melting of ice (Badeli et al., 2018a; Doré & 
Zubeck, 2009). Therefore, reinforcing the asphaltic base-layer can be one of the effective 
solutions to improve the quality of pavement structures.  
 
In view of this, the primary objective of this paper is to study the thermo-mechanical analyses 
(complex modulus, fatigue, and TSRST tests) on the asphalt-base mix (which is known as 
GB20 mix in Quebec, Canada) and improvement effect of APF incorporation are studied to 
compare the stiffness variation before and after 300 rapid freeze-thaw cycles, fatigue life, and 
thermal strength. 
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5.3 Experimental Program 
5.3.1 Materials 
5.3.1.1 Fiber 
The fiber used in this work is Aramid Pulp Fiber (APF) provided by DuPont production (Badeli 
et al., 2017a). It is known as Kevlar® brand pulp, with the product code of 1F361 (Figure 5.1) 
(Badeli et al., 2017a, 2017b). Figure 5.1 (a) indicates that the existence of micro-roots in aramid 
pulp fibers under a microscope. These micro-roots can anchor themselves in HMA and lead to 
increase the tensile characteristics of the reinforced mix. Table 5.1 shows the specifications of 
1F361. The static energy of APF makes it difficult to achieve a homogeneous mix when used 
in HMA (Badeli et al., 2017b). 
 
Aramid pulp is a highly fibrillated material with fibers of less than 1mm in length that is used 
in high abrasion materials like brake pads (Dupont, 2015) or as viscosity controller for adhesive 
or sealants (Dupont, 1999). It has several times more tensile strength than ordinary HMA (it is 
around 3000 MPa) (Tanzadeh et al., 2017). If this additive properly homogenized with HMA, 
it can carry increase the tensile characteristics of the asphalt mix. The use of pulp (shorter 
fibers) should prove to be cost-effective and achieve more surface contact area. Also, because 
of the very short length, the pulp should be easier to mix in HMA than longer fiber. It is our 
hypothesis that the mechanical properties and the durability of HMA would be enhanced by 
the presence of the pulp or short fiber in cold regions. 
 
Table 5.1 APF specifications provided by DuPont production 
Property Specifications 
Specific gravity 1-44-1.45 @ 20 ℃ 
Useful temperature range -200 to 350 ℃ 
Specific gravity 1.45 
Water solubility Insoluble  
Color Yellow  
Specific surface area 7-11 m2/g 
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(a) (b) 
 
Figure 5.1 Aramid Pulp Fiber: (a) microscopic view (100 µm), (b) texture of APF 
 
5.3.1.2 Bitumen 
One type of asphalt binder was used in this study with a Superpave™ Performance Grade of 
PG 64-28 asphalt binder. Properties of the bitumen used in this study are presented in Table 
5.2. 
 
Table 5.2 characteristics of bitumen PG 64-28 
 
 Properties 
 Density 
(g/cm3) at 
25℃ 
Density 
(g/cm3) at 
15℃ 
Storage 
stability 
(℃) 
Viscosity 
Brookfield 
(Pa.s), at 
135 °C 
Viscosity 
Brookfield 
(Pa.s), at 
165 °C, 
High temperature 
for 
characterization 
TH (°C) 
Low temperature 
for 
characterization 
TL (°C) 
Value 1.026 1.033 0.4 0.455 0.132 65.1 -28.8 
Standard AASHTO 
T228 
AASHTO 
T228 
LC 25-
003 
AASHTO 
T 316 
AASHTO 
T 316 
Reported by 
supplier 
(Bitumar Inc.) 
Reported by 
supplier (Bitumar 
Inc.) 
 
5.3.1.3 Aggregate 
To prepare the reference and the APF mix, the same source of materials are used for both 
mixes. The aggregate gradation which is used in this work is presented in Figure 5.2. The 
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specification for GB20 mix is according to the LC Method of Mix Design. It states the mix 
design method that is established by the pavement laboratory at the ministry of transportation 
of Quebec (MTQ) (Québec, 2016a). 
 
 
 
Figure 5.2 Specification for GB20 mix type according to  
the MTQ and aggregate gradation 
 
5.3.2 Mix Design 
Asphalt concrete with a nominal maximum aggregate size of 20 mm, known as Grave Bitume 
(GB20) which is normally used as an asphalt base layer in Quebec, is selected as the reference 
mix in this research. Asphalt base layer is the layer that has to resist fatigue and tensile stress. 
The void content has a clear influence on the stiffness of the material which can greatly 
influence the fatigue resistance. Lowering the number and size of voids reduces the probability 
of initiation of cracks and the speed of propagation. The mix was designed at the target of 6.50 
percent air voids to represent the actual field compaction (Terrel & Al-Swailmi, 1993).   
 
week rest period (curing time) at ambient temperature based on the Quebec Standard (Québec, 
2016b). The first Slab for each mix is sawed into three sections. Three specimens are cored 
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from each section (Section A for TSRST, 6 specimens used from the section B and C for the 
fatigue and complex modulus tests). The second slab for each mix (Slab B) is sawed and the 
specimens are prepared for the freeze-thaw condition. The graphical preparation of specimens 
from the slab A is indicated in Figure 5.3. 
 
 
 
Figure 5.3 Graphical specimen’s preparation 
 
Before putting instrumentation in place, each specimen is weighed to determine its bulk 
specific gravity (Gmb). After measuring the Gmb, the percentage of air voids (Pa) is calculated 
according to the Gmm, and Gmb values. The percentage of air voids (Pa) is calculated according 
to the LC 26-320 (Québec, 2016b). Subsequently, the slow setting epoxy adhesive was applied 
to glue the aluminum caps in top and bottom ends of the specimens. Characteristics of the 
specimens are described in Table 5.3. 
 
 
 
 
 
 
131 
Table 5.3 Characteristics of the tested specimens 
 
Mix type Type of 
test 
Number of 
specimens 
Average 
Specimens 
height (mm) 
Average 
Specimens 
diameter 
(mm) 
Average air 
void 
content (%) 
Standard 
deviation of the 
air void content 
(%) 
Reference Fatigue 6 150 74 6.5 0.21 
Reference TSRST 3 233 60 6.2 0.17 
Reference Freeze-
thaw 
4 149 74 6.6 0.19 
Fiber Fatigue 6 153 74 6.1 0.18 
Fiber TSRST 3 235 60 6.2 0.12 
Fiber Freeze-
thaw 
3 150 74 6.5 0.17 
 
5.4 Thermomechanical Test Equipment 
The thermomechanical tests (performance tests, and complex modulus test) are conducted by 
using a servo-hydraulic press (MTS 810, TestStar II), along with an electronic monitoring 
system devices. The MTS environmental simulator chamber is utilized for thermal 
conditioning of the specimens during the tests (Figure 5.4 (b)). The strain amplitude is 
measured with three sensitive extensometers installed around the specimens at an angle of 120° 
from one another (Figure 5.4 (a)). The temperature is controlled during the tests by installing 
three surface temperature probes to monitor the temperature and report any variations in 
temperature during testing. A rest period of 6 hours is applied when the temperature is turned 
to another temperature. This stabilization time period provides a homogeneous temperature 
inside and outside the tested specimens (Tapsoba et al., 2014). 
 
 
5.4.1 Performance Tests 
5.4.1.1 Fatigue Test 
Fatigue phenomenon is occurring under the repetition of loading due to the traffic, especially 
heavy vehicles. The accumulated damage due to a large number of the repetitions results in 
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stiffness reduction of the materials and leads to failure. The asphalt pavement life is directly 
affected by this phenomenon, which needs to be correctly considered in order to calculate 
precise asphalt pavement structural design. 
 
Fatigue test procedure has been developed in DGCB (Département de Génie Civil et Bâtiment) 
at the ENTPE (École Nationale de Travaux Publics de l’État, (Lyon, France)) (Di Benedetto, 
Nguyen, & Sauzéat, 2011). The test was conducted in laboratory based on the variation of the 
complex modulus (evolution of stiffness) under cyclic solicitation of strain homogeneous test. 
The direct tension-compression test on cylindrical specimens of 150 mm in height and 75 mm 
in diameter was adopted which is based on MTQ standard. Figure 5.4 indicates an example of 
fatigue tested specimen inside the MTS chamber before and after the test. Mid-value of strain 
was monitored during the fatigue test to make sure that it remains null. Fatigue tests were 
performed under the frequency of 10 Hz and the temperature of 10°C conditions. Temperature 
and frequency influence the rigidity of the asphalt mix. This influence will be favorable or 
harmful depending on the mode of solicitation used. At high temperature (≥ 15 ° C), material 
fatigue is explained by a modification of the molecular structure of the bitumen (self-healing 
experience) and at low temperatures, there is rather formation and development of cracks in 
bitumen and aggregates. Evolution of the stiffness modulus was controlled by monitoring the 
axial strain during the test. Wöhler’s curve was plotted at the end of the fatigue test analysis. 
It is based on the evolution of fatigue life at different levels of strain amplitude. 
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(a) (b) (c) 
 
Figure 5.4 (a) Example of fatigue tested specimen inside the environmental chamber, (b) 
MTS environmental chamber, (c) Broken specimen after fatigue test 
 
5.4.1.2 Thermal Stress Restrained Specimen Tests (TSRST) 
The thermal stress restrained specimen test (TSRST) was identified as a performance test under 
the Strategic Highway Research Program (SHRP) to simulate the low-temperature distress. 
Previous research showed that the TSRST test gives better field prediction than other test 
methods (Vinson, Kanerva, & Zeng, 1994). The procedure of the TSRST test is based on the 
theory that the contraction of asphalt mixes in the pavement structures are longitudinally 
restrained when temperature drops (Alan Carter, 2002). As the temperature decreases at a rate 
of 10°C/hour, the thermal stress inside the specimen increases, when the induced stress exceeds 
the strength of the material, specimen breaks and test stops automatically. Before cooling 
begins, a conditioning period of 6 hours at 5°C is performed. Figure 5.5 indicates an example 
of TSRST tested specimen inside the MTS chamber before and after the test. 
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(a) (b) 
 
Figure 5.5 TSRST test installation: (a) before the test, (b) broken specimen  
after the test 
 
5.4.2 Complex Modulus Test 
In this project, complex modulus tests are implemented on the specimens before and after 
conducting the freeze-thaw cycles in the MTS environmental chamber. The MTQ determines 
the complex modulus of asphalt mixes in accordance with test method LC 26-700 (Québec, 
2016b). The complex modulus (E*) for asphalt mixtures defines the relationship between stress 
and strain under a continuous sinusoidal loading. It depends on the duration of load, delayed 
through time, and temperature. Complex modulus is identified by the norm of the modulus that 
explains the material’s stiffness, and is characterized by the dynamic modulus |E*| (Equation 
(5.1)): 
 |ܧ∗| = ߪ଴ߝ଴  (5.1) 
Where σ0 is the maximum stress amplitude and ε0 is the peak recoverable strain amplitude. 
The Phase angle (φ) is described as a phase lag of the strain behind the stress under the 
sinusoidal cyclic solicitation (Lachance-Tremblay, Vaillancourt, & Perraton, 2016). The phase 
angle is 0° for purely elastic material, and 90° for a purely viscous material. The ratio of the 
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amplitude of the sinusoidal stress of pulsation (ω) applied to the material ߪ = ߪ଴ ݏ݅݊(߱ݐ) and 
the amplitude of the sinusoidal strain ߝ௧ = ߝ଴ ݏ݅݊(߱ݐ − ߮) that result in a steady state 
(Equation (5.2)) (Di Benedetto et al., 2004). 
 
 ܧ∗ = ఙఌ =
ఙబ௘೔ഘ೟
ఌబ௘೔(ഘ೟షക)     
(5.2) 
 
Summary of the experimental test parameters is shown in Table 5.4.  
 
Table 5.4 Experimental parameters for the complex modulus tests 
 
Test parameters Test conditions 
Test temperatures : 35°C, −25°C, −15°C, −5°C, +5°C, +15°C, +25°C and +35°C 
Test frequencies : 10, 3, 1, 0.3, 0.1, and 0.03 Hz 
Type of test: Tension-compression  
Time stabilization at target temperature : 6 h 
Mechanical loadings: Maximum of 30 cycles per frequency 
Loading amplitude: 50 µm/m 
Loading condition: Sinusoidal cyclic loading, control strain ɛaverage= 0 µm/m 
 
5.4.3 Freeze-thaw Cycles 
This section describes specimen’s saturation, preparation, and the procedure used in freeze-
thaw conditioning. 
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5.4.3.1 Moisture Conditioning Procedure 
Saturation process was conducted to introduce liquid in the voids from the test standard 
specified by LC method for moisture resistance measurements (Québec, 2016b). Saturation 
process followed the same procedure conducted by previous research (Badeli et al., 2016, 
2018a, 2018b). The equipment consists of a vacuum pump, a pressure gauge pycnometer, and 
a desiccator. The equipment is illustrated in Figure 5.6 (a). Several steps are performed to 
saturate the specimens. First, at atmospheric pressure, a specimen is placed on sand courses 
inside a desiccator. Subsequently, the pycnometer is filled with water. The pressure in the 
pycnometer is lowered and maintained at a pressure bellow than 4 kPa. After 5 minutes, the 
V1 is open allowing filling the desiccator from the deaerated water and covering completely 
the specimen. The specimen is kept immersed for at least 5 minutes and always at the pressure 
bellow than 4 kPa. Then, the pump is stopped and the pressure in the desiccator is controlled 
so that it comes back gradually to the atmosphere pressure. Afterwards, the test specimen is 
removed from the desiccator, dried with a damp cloth to remove the excess water while 
ensuring that it remains saturated, weighing in the air, and covered with a latex membrane to 
prevent loss of liquid during handling and freeze-thaw cycles (Figure 5.7 (a)).  
 
Specimens with more than 80 percent degree of saturation were not used in this study because 
it was believed that they were damaged during the saturation process. Figure 5.6 (b) indicates 
the equipment that has been used for this step. At the end of the saturation process, the 
specimens were protected with latex membrane, and the waterproofed tape was placed around 
the specimens to prevent water loss during the freeze-thaw cycles (Figure 5.7 (a)). 
 
5.4.3.2 Steel jig for restraining the specimens during freeze-thaw cycles 
The selected specimens for the freeze-thaw cycles that are already glued with aluminum caps 
are equipped with steel jigs in order to be held in place during the freeze-thaw cycles. This 
condition can simulate the behavior of asphalt pavement in the field (Carter & Paradis, 2010). 
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Figure 5.7 (b) indicates the specimens were equipped with aluminum and steel jigs. The 
principle behind the theory of using the steel jig along with the aluminum jig is based on the 
prevention of the contraction/expansion movements during freeze-thaw cycles.  The thermal 
contraction coefficients for the steel is around 12.1×10-6/ °C and for the Aluminum is 22.5×10-
6/ °C. For temperature cycles from 5 to -20 °C, it was calculated that a tested specimen would 
contract 16.5 μm and the thermal expansion coefficient of asphalt mixtures in this temperature 
range is approximately 21×10-6/ °C (Carter & Paradis, 2010). 
 
5.4.3.3 Temperature cycles used for freeze-thaw cycles 
There is no standard method to assess the daily rapid freeze-thaw cycles of the asphalt mixture. 
After the saturation process, specimens were subjected to 150 and 300 freeze-thaw cycles as 
set forth in ASTM C-666.92, "Standard Test Method for Resistance of Concrete to Rapid 
Freezing and Thawing" (ASTM, 2008). The cooling and heating rate used was 4.5 °C/min. For 
each freeze-thaw cycle, two different temperature levels were targeted, which is -18 and 6 °C. 
The temperature remained constant for a period of 1.5 hours at each level of temperature. No 
specimen was oven dried before or after the rapid freeze-thaw testing since it might affect the 
viscoelastic characteristics of asphalt mix (Badeli et al., 2016; Badeli et al., 2018b). Figure 5.6 
(c) indicates the equipment that has been used for this step. Figure 5.8 indicates that there is a 
difference between the temperature sensor placed in the center of a dummy specimen and the 
temperature sensor placed on the surface of a dummy specimen. This behavior was quite 
expected and is due to the rapid rate of the heating and cooling cycles. This non-homogeneity 
of the temperature during freeze-thaw cycles may increase the potential for thermal cyclic 
damage since there is a different level of contraction/expansion in the mix (Badeli et al., 
2018a). 
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(a) 
  
(b) (c) 
 
Figure 5.6 Freeze-thaw preparations: (a) and (b) specimen’s saturation equipment, (c) 
environment chamber and computer device to program heating/cooling cycles 
 
  
(a) (b) 
 
Figure 5.7 Saturated specimens: (a) covering the specimen with  
Latex membrane to protect against water loss, (b) steel jig to  
restrain the specimen during freeze-thaw cycles 
139 
 
 
Figure 5.8 Temperature history detected by sensors during 58th  
temperature cycling: on the surface of a dummy specimen, inside  
the specimen, and the cabinet temperature 
 
5.5 Results and Discussions 
5.5.1 Fatigue Test 
From the deformation amplitudes and the stress, the value of the norm complex module is 
calculated (| E*|). In this research, fatigue tests were carried out having four different levels of 
strain amplitude for each mix. The value of the modulus at the beginning of the test was 
denoted |E0*| which represents the extrapolated value at cycle 1 by assuming the linear 
characteristics of complex modulus from cycles 2 to 50 (Perraton et al., 2015). It is necessary 
to know the value of the initial module of the material in order to calculate the apparent damage 
of the asphalt mixture during the fatigue test. Evaluation of the linear characteristics of stiffness 
modulus for both mixes is also conducted during complex modulus test. Table 5.5 
demonstrates the information about the specimens, the applied axial strain amplitudes, and the 
|E0*| values for different specimens. The difference of the average of the initial modulus 
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between the reference and APF specimens specifies the lower in the average of the |E0*| value 
for the APF mix with the lower standard deviation. This high stiffness modulus at the begging 
of the fatigue test for the fiber reinforced mix can be due to the effect of the addition of Aramid 
fiber in the mix. As already mentioned, Aramid fiber has several times more tensile strength 
than ordinary hot mix asphalt (Tanzadeh et al., 2017).  
 
These results could be explained in this way that in fiber reinforced mixtures, we could take 
advantage of reinforcement in the case that the tensile strength of the fiber reinforced fibers is 
higher than that of the reinforced mixture (asphalt concrete). The tensile strength of Aramid 
fibers is equal to 3000 MPa which is several times more than that of the ordinary asphalt 
concrete. Therefore reinforcement of the asphalt concrete, using the composite aramid fibers 
results into the increased tensile strength of the mixture and higher resistance against the 
fatigue cracking. 
 
Table 5.5 Fatigue specimen’s characteristics and information  
  
Group Specimen Air voids 
(%) 
Average axial 
strain amplitude 
(µm/m) 
Initial modulus, |E*0| (MPa) 
Value  Average  Standard 
deviation  
Reference 
mix 
S1RM1 6.8% 71 12563 10735.50 1453.20 
 S1RM2 6.7% 99 10854   
 S1RM3 6.9% 66 10500   
 S1RM4 6.6% 84 9025   
Fiber mix S2FM5 6.3% 74 7817 7361.50 568.87 
 S2FM8 6.6% 85 7452   
 S2FM9 6.4% 94 7639   
 S2FM10 6.8% 73 6538   
 
5.5.1.1 Fatigue failure criteria 
The evolution of the stiffness (|E*|) in terms of the number of cycles is mainly used to verify 
the validity of the test and to determine the apparition of cracks in the specimen (Badeli et al., 
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2018a). The evolution of |E*| is usually divided into three phases during a fatigue test (Figure 
4). In the first step, |E*| decreases rapidly which cannot be explained only by fatigue. Heating, 
as well as thixotropy, has an important role in this step (Perraton et al., 2015). Phase II is 
characterized by a quasi-linear decrease of stiffness which is characterized by the initiation of 
microcracks inside an asphalt mix. During the phase III, from the coalescence of microcracks, 
a macro-crack appears and propagates within the materials (Tapsoba et al., 2014). 
 
A fatigue failure criterion is considered acceptable if it can precisely recognize the transition 
location of the phase change from II to III in the evolution of the stiffness during fatigue testing 
(Basueny, Perraton, & Carter, 2014). In this experimental program, it is decided to define NfII/3 
criterion for further analysis. NfII/3 is associated with the transition between phases II as well 
as phases III and it is based on the average value of the Nf50%, NfΔεax, NfΔφ, and Nfφmax. Nf50% is 
a classical fatigue criterion based on modulus decrease which corresponds to a decrease of 
50% reduction of the initial stiffness (|E*0|) of the specimen as shown in Fig. 9 (Basueny et al., 
2014). NfΔεax is based on the reading of the amplitude of strain for each extensometer. A 
difference of more than 25% of the extensometers reading can be considered as increasing 
heterogeneity within the specimen. NfΔφ is a difference of more than 5° of the extensometer 
phase angle reading with the mean value. The corresponding number of cycles is associated 
with failure. Finally, Nfφmax is based on the evolution of the phase angle; maximum value of 
the phase angle is associated with the transition of phase II/III. Tapsoba et al. (2013) have 
compared these criteria together, and they concluded that all criteria used to give almost the 
same results. Furthermore, they revealed that Nfφmax and NfΔεax are closer and can strongly show 
the phase change of II to III threshold (Tapsoba et al., 2014). The information of the values of 
Nf for all the specimens in both groups are shown in Table 5.6. This table shows that the value 
of NfII/3 is related to the amplitude of the strain. Results of NfII/3 for both mixes are used to 
analyze the fatigue life by the Wöhler curve.  
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Table 5.6 Experimental test results: summary of the Nf for the tested  
specimens 
 
 
 
Figure 5.9 Evolution of the norm of the complex modulus according  
to number of cycles (Perraton et al., 2015) 
 
 
Group Specimen Air 
voids 
(%) 
Average 
axial 
strain 
amplitude 
(µm/m) 
Nf50% NfΔεax NfΔφ Nfφmax NfII/III 
Reference 
mix 
S1RM1 6.8% 71 1,304,196 2,320,762 2,401,068 2,300,816 2,405,986 
 S1RM2 6.7% 99 106,390 105,300 89,132 99,178 100,000 
 S1RM3 6.9% 66 5,381,624 4,855,565 4,527,469 4,763,199 4,715,411 
 S1RM4 6.6% 84 4,558,950 2,511,005 2,425,127 2,563,868 2,500,000 
Fiber mix S2FM5 6.3% 74 5,339,648 5,267,021 5,200,987 5,012,344 5,205,000 
 S2FM8 6.6% 85 651,166 650,193 640,001 610,500 637,965 
 S2FM9 6.4% 94 109,102 100,000 99,201 91,697 100,000 
 S2FM10 6.8% 73 3,351,213 3,201,901 3,110,290 3,180,596 3,211,000 
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5.5.1.2 Analysis of fatigue life 
Fatigue test results are usually expressed as the graphical presentation which is usually given 
by the fatigue curve or so-called Wöhler curve (Perraton et al., 2015). Wöhler curve 
demonstrates the log number of cycles at failure (fatigue life) versus the amplitude of the 
applied strain in logarithmic axes. In these axes, Wöhler curves for asphalt mixes are classically 
straight lines. They are expressed by Equation (5.3). 
 
 ௙ܰ = ܥଵɛି஼మ (5.3) 
where, ε = axial strain amplitude; and C1 and C2 = two constants that depend on both material 
and chosen criterion. 
 
Considering the failure at 1 million cycles, then the Equation (5.3) becomes Equation (5.4): 
 ௙ܰ
10଺ =
ߝ
ɛ଺
ି஼ଶ
 
(5.4) 
where ε6 represents strain amplitude for which failure occurs after 1 million cycles.   
 
Figure 5.10 indicates the NfII/3’s Wöhler curve for the reference and APF mixes. It represents 
the number of cycles of failure versus the amplitude of the applied strain in logarithmic axes. 
Table 5.7 summarizes the fatigue parameters for both mixes. Based on the fatigue test results 
analyzed by using NfII/3 Criterion, it is observed that the average value of the |E0*| is higher for 
the reference mix than the APF mix as it is noted earlier. R² value is closer to one for the APF 
mix than the reference mix. This explains that the regression line perfectly fits the data and it 
proves that the regression model based on NfII/3 criterion is more accurate for the reference mix 
than the APF mix. The slope of the curve is steeper for the APF mix than the reference mix. 
This means that the reference mix has lower fatigue life at high strain amplitude (heavy 
truckloads). The behavior of the mix at high strain amplitude is more depends on the mastic 
and its cohesion. Adhesion and cohesion are two important parameters of bitumen that affects 
the performance and durability of asphalt mix (Mirabdolazimi & Shafabakhsh, 2017). In this 
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regard, the results can explain that the cohesion of the mastic increases for the mix using the 
APF.  
At low strain amplitude, the reference mix has higher fatigue life than the APF mix. The value 
of ε6 is almost same for both mixes. The value corresponds to the strain amplitude for a failure 
at 106 cycles. 
 
Table 5.7 Fatigue test result’s parameters based on the NfII/3 
 
Group C1 C2 R2 ε6 
Reference mix 2.32E-30 8.72 0.77 82.09 
Fiber mix 1.65E-54 14.61 0.97 81.59 
 
 
 
Figure 5.10 Wöhler curve (Nf II/III) for the reference and APF mixes 
 
5.5.2 TSRST Test 
The results of the TSRST test for the reference and the APF mix is indicated in Figure 5.11.  
The important parameters in the TSRST graph include but not limited to fracture strength, 
fracture temperature, transition stress, transition temperature, and slope of the elastic part of 
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the stress temperature plot. In Table 5.8, average results (three repetitions on three different 
specimens for each asphalt mixture) are summarized. In general, the TSRST shows good 
repeatability for both mixes. In the first place of the test, there is a slow rise in thermal stress 
which is mostly due to a relaxation of the asphalt mix (Basueny et al., 2014). However, beyond 
the transition temperature (around -13.5 °C in reference mix and -22 °C in APF mix), the 
relationship between the temperature as well as the thermally induced stresses is almost linear. 
The transition temperature defines where the material changes its behavior from viscoelastic 
to elastic, or vice versa. 
 
The TSRST results indicate that the APF affects the cracking temperature of GB20 asphalt 
mix. The average fracture strength and fracture temperature for the APF specimens were 2.6 
MPa and -36 °C and for the reference specimens were 3.6 MPa and -28 °C, respectively. Both 
of the failure and transition temperatures are influenced by the addition of APF. The difference 
in fracture temperature between the reference mix and fiber mix is about 8 °C. Fig. 11 indicates 
that the addition of aramid fiber in the GB20 mix decreased the fracture strength, fracture 
temperature. It is very interesting to notice that the same trend is clear on the value of the 
transition temperatures.  
 
Based on the fatigue, TSRST, and IDT from the previous study, it is clear to say that the tensile 
strength of the reinforced mix is improved. The tensile strength of the Aramid fiber is around 
3000 MPa which is significantly more than the ordinary hot mix asphalt (Tanzadeh et al., 
2017). Therefore, the addition of the Aramid pulp fibers into the asphalt mix can result into the 
improvement of the tensile strength and performance of HMA in cold regions. 
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Table 5.8 TSRST Test Results 
 
Mix type Average fracture 
temperature  
Average Fracture 
strength  
Average Transition 
temperature  
Average Transition 
strength  
Value 
(⁰C) 
CV (%) Value  
(MPa) 
CV (%) Value 
(⁰C) 
CV (%) Value 
(MPa) 
CV (%) 
Reference -28 6 3.601 5 -13.5 6 2.260 7 
APF -36 7 2.651 6 -22 7 1.755 7 
CV: Coefficient of variation which is calculated by dividing the standard deviation from the mean value. 
 
 
 
Figure 5.11 TSRST curve for the reference and APF mix
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5.5.3 Freeze-thaw Durability  
Complex modulus test is a kind of indirect analysis to assess the durability of asphalt mixtures. 
In this study, the GB20 asphalt mix is evaluated before and after 300 freeze-thaw cycles. 
Experimental test results of the APF mix and the reference mix are shown in Figure 5.12, and 
Figure 5.13 in the Cole-Cole and black space diagrams before and after freeze-thaw 
conditioning respectively.  
 
A Cole-Cole plane is achieved by plotting the loss modulus versus the storage modulus. The 
storage modulus is plotted on the real axis (x-axis), and the loss modulus is plotted on the 
imaginary axis (y-axis).  First of all, the results in Cole-Cole diagram express significant 
differences before and after the effect of freeze-thaw cycles for the reference mix, while the 
diagram does not show significant differences before and after freeze-thaw cycles for the APF 
mix. The previous study showed that the presence of ice increases the stiffness at minus 
temperatures for the saturated mix, but it decreases substantially after a large number of freeze-
thaw cycles (Badeli et al., 2016, 2018a, 2018b). This reduction in stiffness is probably due to 
the striping of the mix. In fig. 12, the stiffness decreases substantially after freeze-thaw cycles 
for the reference mix. The graph shrinks and moves along the left side. This can show that both 
of the loss and storage modulus decrease after a large number of rapid freeze-thaw cycles. 
Complex modulus results for the APF mix indicate that the APF mix is less sensitive to the 
freeze-thaw cycles than the reference mix. This is due to the high tensile characteristics of 
Aramid pulp fiber which make the mix more durable during the repetition of rapid freeze-thaw 
cycles.  
 
Figure 5.13 shows the complex modulus results in Black Curve diagram. It can be seen that 
the phase angle reduces in Black curve diagram after reaching a maximum value. The 
maximum value of the phase angle represents the viscosity of the bitumen at high temperature 
and depends mostly on the type of the bitumen (Basueny et al., 2014). The graph shows that 
the phase angle increases as the value of |E*| decreases after the freeze-thaw cycles for both 
mixes at high temperatures. This difference of the maximum value of phase angle before and 
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after freeze-thaw cycles can be explained as the loss of cohesion in the binder itself (Badeli et 
al., 2018b). 
 
 
 
Figure 5.12 Evolution of the complex modulus in the Cole-Cole plot 
 
 
 
Figure 5.13 Evolution of the complex modulus in the black diagram 
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5.5.3.1 Analysis of the Master Curve 
The 2S2P1D (two Springs, two Parabolic elements, and one Dashpot) modeling are used to 
analyze the experimental test results in the master curve (Equation (5.5)) (Herve Di Benedetto 
et al., 2004). 
ܧ∗(2ܵ2ܲ1ܦ) 		= 		ܧ଴ 	+		
ܧ଴଴ 	− 		ܧ଴
1		 + 	ߜ(݅߱߬)ି௞ 			+ 	 	(݅߱߬)ି௛ 		+ 		 (݅߱ߚ߬)ିଵ 
(5.5) 
 
The 2S2P1D parameters are described in Table 5.9. 
 
Table 5.9 Description of the parameters of the 2S2P1D equation 
 
Parameter Description 
݅ Complex number can be defined by ݅2 = -1 
E0 Static modulus when ω→ 0 
E00 Glassy modulus when ω→∞ 
ɷ Pulsation and equal to 2ߨ ௥݂ 
௥݂ Frequency 
τ Time characteristic and it depends only on temperature 
δ Constant parameter which is related to binder rheology 
β Dimension constant 
η Newtonian viscosity and can be calculated as 	 = (ܧ଴଴ − ܧ଴)ߚ	߬ when ω→ 0 
h Constant parameter which is related to binder rheology 
k Constant parameter which is related to binder rheology (0 < k < h < 1) 
 
The changing of τ temperature can be explained by means of a shift factor if the time-
temperature superposition principle holds: 
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 	τ(T) = 		 ்ܽ(ܶ) × ߬଴    (5.6) 
where ଴ = τ(Tref)  at reference temperature Tref, and ்ܽ(ܶ) is shift factor at temperature T. 
 
Seven criterion (E0, E00, β, δ, h, k, and τ0) is needed to fully analyze the linear viscoelastic 
characteristics of the specimens at a specified temperature and frequency. The progressions of 
τ were determined by the William-Landel-Ferry (WLF) model. ଴ was quantified at the 
selected reference temperature Tref. When the temperature effect is determined, the number of 
criteria becomes nine, including the two WLF criteria (C1 and C2 determined at the reference 
temperature). 
 ݈݋݃	(்ܽ) 		= 		 ି	஼భ	(்	ି	 ೞ்)஼మ		ା		(்	ି	 ೞ்)    (5.7) 
Where, aT (T) is the shift factor at temperature T, T0 = T (Ts) is determined at the reference 
temperature Ts. Ts is reference temperature (constant), C1 and C2 are constants. 
 
The 2S2P1D modeling parameters in this study are presented in Table 5.10. The k, h, and δ 
parameters are related to the binder rheology and are almost same for the three groups (Di 
Benedetto et al., 2004). Regarding the other parameters, E00 is the glassy modulus (E* when 
ω→∞) which represents the highest stiffness at high temperature (low frequency), and E0 is 
the static modulus (E* when ω →0) which is related to the void content and aggregate skeleton 
and represents the highest stiffness at low temperature (high frequency). The results will fit on 
a single curve for each test in the Black space, and in the Cole-Cole plane. 
 
The results show that the stiffness value at low temperature is almost same for both mixes after 
the freeze-thaw cycles. E0 reduces 16% after freeze-thaw cycles for the APF mix, while it 
reduces more than 17% after freeze-thaw cycles for the reference mix. Regarding the E00 
parameter, the Table 5.10 shows that the static modulus reduces for both mixes with almost a 
same rate. There is 66% reduction of the value of E00 for the reference mix and 60% reduction 
of the value of E00 for APF mix. This explains that the APF mix has higher stiffness value at 
high temperature (low frequency). 
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The results can also be shown on a master curve. To that end, each isothermal curve can be 
shifted in frequency in order to obtain a single master curve at a reference temperature. Figure 
5.14 shows the master curves for the third tested group. The top part of the curve corresponds 
to a maximum value of |E*|. Highest stiffness value associated with the lowest temperature and 
highest frequency. The bottom part of the master curve represents a minimum value of |E*|. 
Lowest stiffness value is associated with the highest temperature and lowest frequency of the 
test. 
 
As it is indicated in Figure 5.14, the stiffness values decrease after the freeze-thaw cycles for 
the reference mix. The reduction is greater at high temperatures/low frequencies. This can be 
explained as the degradation of the reference mixture after freeze-thaw cycles. In contrast, the 
stiffness increases for the APF, especially at the medium and high temperatures. This was 
found in the saturated mix before the freeze-thaw conditioning in the past studies and is 
probably due to the water pore pressure (Badeli et al., 2018b). This explains that the durability 
increases after using APF to the mix. No degradation occurs to the APF mix after 300 freeze-
thaw cycles. This can be due to the increased in adhesion of the APF mix and cohesion of its 
mastic. 
 
Table 5.10 2S2P1D parameters 
 
Mixture Freeze-thaw 
conditioning 
Number of 
specimens 
Air Voids 2S2P1D parameters 
Average 
air 
voids 
(%) 
Standard 
deviation 
(%) 
E00 
(MPa) 
E0 
(MPa) 
k h δ β 
Reference Before 2 6.85 0.14 35 40,000 0.18 0.52 2.20 600 
Reference After 2 6.90 0.19 12 33,000 0.17 0.55 2.20 600 
APF Before 2 6.45 1.12 50 37,000 0.17 0.55 2.60 600 
APF After 2 6.76 0.17 20 31,000 0.19 0.55 2.70 600 
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Figure 5.14 Master curves for both groups before and after freeze-thaw cycles 
 
5.6 Conclusion 
The primary objective of this paper is to study the thermo-mechanical analyses (complex 
modulus, fatigue, and TSRST tests) on the GB20 asphalt mix and improvement effect of APF 
incorporation are studied to compare the stiffness variation before and after 300 rapid freeze-
thaw cycles, fatigue life, and thermal strength. The important findings are presented below: 
• It is observed that the average value of the |E0*| in the fatigue test is higher for the reference 
mix than the APF mix.  
• The slope of the Wöhler’s curve is steeper for the APF mix than the reference mix which 
results in lower fatigue life at high strain amplitude (heavy truckloads) for the reference mix.  
• The value of ε6 is almost same for both mixes. The value corresponds to the strain amplitude 
for a failure at 106 cycles. 
• TSRST test results show that the addition of aramid fiber in the GB20 mix decreased the 
fracture strength, fracture temperature.  
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• The Cole-Cole shows that the both of the loss and storage modulus decrease after a large 
number of rapid freeze-thaw cycles, while the graph indicates that the APF mix is less 
sensitive to the freeze-thaw cycles than the reference mix.  
• The results from the black diagram show that the phase angle increases as the value of |E*| 
decreases after the freeze-thaw cycles for both mixes at high temperatures.  
• The master curve shows that the stiffness values decrease after the freeze-thaw cycles for the 
reference mix. The reduction is greater at high temperatures/low frequencies. In contrast, the 
stiffness increases for the APF, especially at the medium and high temperatures. 
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CONCLUSION AND RECOMENDATIONS 
 
In mechanical empirical pavement design guide (MEPDG), the designer chooses a pavement 
structure and then analyses the design in details to make sure that it meets design criteria, such 
as rutting and fatigue cracking. As yet there have not been any fatigue criterions to take into 
account freeze-thaw cycles. This issue is fundamental to the fatigue durability of a road 
pavement. The fatigue durability problem asphalt mixture subjected to freeze-thaw cycles has 
not been sufficiently studied yet. The main objective of this study is to conduct the 
thermomechanical tests on the base-course asphalt mixture (which is known as GB20 in 
Quebec standard) before and after rapid freeze-thaw cycles. Results have shown that the effect 
of freeze-thaw cycles is important to consider during the design life of asphalt pavements. The 
overall findings can be listed as below. 
 
• The stiffness behavior changes with a higher rate at high temperatures and the lower rate at 
low temperatures after large number of rapid freeze-thaw cycles. 
• Specimen with high percentage of voids has a much higher latent heat of fusion than the 
specimen with low percentage of voids. These can show the importance of the compaction 
effort which results to have different density.  
• The results indicate that the compaction level significantly affects the behavior of the mix 
after a large number of rapid freeze-thaw cycles. 
• The maximum value of the phase angle after 300 freeze-thaw cycles increase for the mix 
with high percentage of air voids (low level of compaction). The increase in viscosity (at 
very high temperatures) and a decrease in stiffness (at very low temperatures) after 300 
freeze-thaw cycles the mix with high percentage of voids is probably due to the stripping 
problem. 
• Comparison between the laboratory determined and predicted data indicated that the relative 
bias in the modulus prediction after 300 freeze-thaw cycles, especially due to the high 
percentage of voids.  
• Regarding the fatigue damage results, since initial stiffness modulus of the conditioned mix 
was much lower than the reference and because of the results from the complex modulus 
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test that displayed the stiffness reduction and changed in viscoelastic behavior after 300 
freeze-thaw cycles, it is concluded that the degradation of the conditioned mix started before 
the fatigue test and during freeze-thaw cycles. 
• Regarding fatigue test results, the reference mixture has a much better performance with 
respect to the resistance to fatigue cracking than after the condition of the environmental 
freeze-thaw cycles. 
• Results also show that using Aramid pulp fiber results decreased in fracture strength and 
fracture temperature in TSRST test. 
• The slope of the Wöhler’s curve is steeper for the APF mix than the reference mix which 
results in lower fatigue life at high strain amplitude (heavy truckloads) for the reference 
mix. 
• Comparison of the Aramid fiber mix and the reference mix show that the stiffness values 
decrease after the freeze-thaw cycles for the reference mix. The reduction is greater at high 
temperatures/low frequencies. In contrast, the stiffness increases for the Aramid fiber mix, 
especially at the medium and high temperatures. 
 
Further studies are suggested to develop the fatigue and dynamic modulus prediction formula 
for Quebec region. This can be developed by considering the relationships between laboratory 
specimens and the real ones in field (by collecting cores or field section assessments), without 
considering other factors, such as loading, aging, etc. In the meantime, the field data with different 
compaction levels can be obtained from the site condition to find an actual predicted formula. 
Based on the initial results, next steps of the research have been developed in different aspects. 
1. Pavement design modification: modification on the prediction model for stiffness modulus.  
Statistical comparison between the determined results from the laboratory and predicted data 
calculated from the current Witczak formula indicated that there is relative bias in the modulus 
prediction after 300 FT cycles, especially due to the high percentage of voids. This was 
considered by applying the improved equation to the predicted values. 
 
2. Mix design modification with using appropriate additives. 
159 
The improvement effect of Aramid Pulp Fiber was assessed to compare the stiffness variation 
before and after 300 rapid freeze-thaw cycles, fatigue behavior, and thermal strength. The 
results demonstrated the ability of Aramid Pulp Fiber to increase the durability of the GB 20 
mix against freeze-thaw cycles. The TSRST and fatigue results also show that the APF 
additives can increase the performance of the GB 20 mix against low temperature cracking and 
heavy truckloads. 
 
3. Construction practice in the field (proper compaction and compaction modification). 
The laboratory results indicated that the compaction level significantly affects the behavior of 
the mix after a large number of rapid FT cycles. 
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